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Dear Sir: 

J. This Declaration is being submitted to demonstrate that nucleic acids which encode 
polypeptides which enhance TNF-a levels arc therapeutically useful. 

2. I am an inventor on the above-identified patent application and am familiar with the 
specification and prosecution history. 

3. 1 have extensive experience in the field of the claimed invention as indicated in the 
attached Curriculum Vitae provided herewith as Exhibit ts..<s 

4. The claims in the above-identified application relate to polynucleotides encoding 
polypeptides which stimulate TNF-a release from human blood. 

5. Polynucleotides which encode polypeptides which can be used to enhance TNF-a levels 
are therapeutically beneficial. As discussed in the following paragraph, as of October 29, 1997, 
the filing date of the earliest application to which the present application claims priority, it was 
known that increasing TNF-a levels by direct administration of TNF-a ameliorates several 
medical conditions. The same therapeutic benefits which arc achieved through direct 
administration of TNF-a can be achieved by indirectly increasing TNF-a levels using the 
polypeptides encoded by the claimed polynucleotides, which induce the release of TNF-a. 
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TNF-a was originally identified as a polypeptide which bad antitumor properties. (See 
Carswcll, E.A. ct al. Proc Nad. Acad. Sci. 25: 3666-3670 (1975), attached hereto as Exhibit B). 
The antitumor effects of TNF-a were subsequently verified and exploited in several contexts. 
For example, HaUahan et al. demonstrated that adenoviral vectors comprising the TNF-a gene 
were successful in treating tutors in animals. (See HaUahan ct ah, Nat Med. 1: 786-791 (1995), 
attached hereto as Exhibit C). TNF-a was also shown to induce necrosis of transplanted tumors, 
to have cytotoxic properties, and to have anti-viral properties (See GoeddeJ, D.V. et al. Cold 
Spring Harbor Symposia on Quantitative Biology 51:597-609 (1986), attached hereto as Exhibit 
D), Jn addition, TNF-a and other cytokines were known to protect against ionizing radiation in 
the context of radiotherapy. (See Neta et al., J. Immunol 136(7) 2483 (1987), attached hereto as 
Exhibit E). 

In addition to the foregoing scientific literature relating to the therapeutic benefits 
associated with administering TNF-a, numerous patents which relate to the use of TNF-a as a 
therapeutic agent alone or in conjunction with other therapeutically active agents had issued prior 
to October 29, 1997, including U.S. Patent Nos.: 5,215,743 (stabilized TNF compositions); 
5 ? 059,53O (expression vectors encoding TNF); 4,894,225 (therapeutic use of TNF in conjunction 
with immunotoxin); 4,980,160 (therapeutic use of TNF in conjunction with non-steroidal anti- 
inflammatory agents); and 4,963,354 (use of TNF as an adjuvant in combination with a substance 
agai nst which it is desired to raise an immune response). Each of these patents is attached hereto 
as Exhibits F-J. 

The claimed polynucleotides can be used to produce their encoded polypeptides. Since 
these polypeptides stimulate release of TNF-a, thereby increasing TNF-a levels, they can 
achieve the same therapeutic benefits which result from direct administration of TNF-a and 
which are described in the foregoing references. Accordingly, polynucleotides encoding 
polypeptides which can be used to enhance which induce the release of TNF-a levels are 
therapeutically useful. 

In addition to the therapeutic benefits resulting from using the polypeptides encoded by 
the claimed polynucleotides to enhance TNF-a levels discussed above, there are other 
therapeutic contexts in which the encoded polypeptides can be used to achieve therapeutic 
benefits by decreasing TNF-a levels. As of October 29, 1997, it was known that there were 
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several medical conditions which can be ameliorated by reducing TNF-a levels. In particular, 
reducing TNF-a levels has been shown to be beneficial in treating conditions such as rheumatoid 
arthritis and Crohn's disease. (Sec Paleolog, E. MoL Pathol. 1997, 50: 225-233 (1995) and 
Eigler, A. et at, Immunol. Today 18:487-492(1997), attached hereto as Exhibits K and L. 



benefits of blocking the activity of TNF-a had issued, including U.S. Patent Nos,: 5,436,154 
(antibodies which bind to and neutralize TNF-a) and 5,656,272 (methods of treating Crohn's 
disease using chimeric antibodies against TNF-a), attached hereto as Exhibits M and N. 

The claimed polynucleotides can be used to produce their encoded polypeptides. In turn, 
the polypeptides can be used to generate antibodies which neutralize the activity of the 
polypeptides. Such antibodies can be used to achieve the therapeutic benefits resulting from 
reducing TNF-a levels which are described in the foregoing references. Accordingly, 
polynucleotides which encode polypeptides which stimulate the release of TNF-a are 
therapeutically useful. 

7. I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or 
patent issuing therefrom. 



In addition, prior to October 29, 1997 numerous patents which relate to the therapeutic 
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CURRICULUM VITAE 

Paul J. Godowski, Ph.D. 

Genentech, Inc. 
Department of Immunology 
1 DNA Way, MS 34 
South San Francisco, CA 94 08 0 

(650) 225-1407 



Home Address 

25 Orange Court 
Hillsborough, CA 94010 

PROFESSIONAL HISTORY 



August, 2 0 03- Present 



August, 2 0 02 -August, 2 003 



Staff Scientist, Department of 
Immunology 

(Joint Appointment with Department of 
Molecular Biology) 
Genentech, Inc 

South San Francisco, CA 94080 

Staff Scientist, Department of 
Molecular Biology, Genentech, Inc 
South San Francisco, CA 94080 



September 1999-August, 



2 002 Senior Director, Genomic 
Technologies, 
Genentech, Inc. 
South San Francisco, CA 94080 



July 1995-September 1999 
Biology 



November 1993 -July 1995 



Director, Department of Molecular 
Genentech, Inc. 

South San Francisco, CA 94080 

Director, Department of Cell Genetics 
Genentech , Inc . 

South San Francisco, CA 94080 



October 1992 -November 1993 Sr. Scientist, Department of Cell 
Genetics 

Genentech, Inc. 

South San Francisco, CA 94080 

September 1989-October 1992 Scientist, Department of Cell 
Genetics 

Genentech , Inc . 

South San Francisco, CA 94080 
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October 1988-September 1989 Scientist, Department of 

Developmental Biology 
Genentech, Inc. 

South San Francisco, CA 94080 

October 1985-October 1988 Postdoctoral Fellow 

Advisor: Dr. Keith R. Yamamoto 
Department of Biochemistry and 
Biophysics 

University of California, San 

Francisco 

San Francisco, California 

EDUCATION 

1985 Ph.D. Microbiology and Molecular Genetics 

Advisor: Dr. David Knipe 

Department of Microbiology and Molecular Genetics 
Harvard University Medical School, 
Boston, Massachusetts 



JOB RESPONSIBILITIES 



As a Director and Senior Director of Research, I supervised the 
activities of up to 160 employees in the Departments of Molecular 
Biology, Cell Biology, Protein Chemistry, Bioinf ormatics and 
Assay & Automation Technology within the Technology Branch of 
Genentech Research. I reported directly to the Senior Vice 
President of Research. The responsibilities of these Departments 
were broad, extending from early stage Research through support 
of Development projects. The major effort in the from 1996-2001 
focused on Genomics, in particular the identification, cloning, 
sequencing, expression and functional analysis of several 
thousand human genes encoding secreted proteins and transmembrane 
receptors. The functional areas covered within these Departments 
included development of programs to search EST and Genomic 
Databases for genes based on homology, structure or other 
features of interest, database design for all of Research, the 
DNA microarray facility (in house microarray efforts and 
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commercial arrays (Af fymetrix, Agilent) , all aspects of 
microarray data analysis and mining, DNA sequencing, protein 
expression (mammalian, baculovirus, and bacterial) , protein 
purification, functional analysis of novel cytokines and 
receptors, high throughput cell -based assays, development of 
antibody-based assays, evaluation and support of robotic 
equipment for Research and Development, and the Research FACS and 
Confocal Microscopy facilities. We worked closely to coordinate 
our efforts with Research Discovery Departments. As a member of 
the Research Review Committee (composed of 6 representatives from 
Research) I set strategic and tactical direction for all projects 
in Research. 

The goal of our genomic program at Genentech was two- fold. 
The first goal was to identify and patent a large number of novel 
secreted proteins. The second goal was to develop a technological 
infrastructure within Research that would facilitate our capacity 
to turn those gene discoveries into drugs. Following the 
successful completion of these goals, I was promoted to Staff 
Scientist and established a Research Program to develop drugs for 
diseases with an Immunological basis as an out growth of my 
interest in the TLR receptor family. I currently head an effort 
to target the innate immune system, and in particular, myeloid 
cells, in autoimmune diseses. 

In addition to my responsibilities within Research I also 
work closely with our Legal Department to establish our strategy 
for filing patents, with our Business Development Group to review 
in-licensing opportunities and structured our external Research 
contracts (for example, I was the lead person on our multimillion 
dollar contract with Gene Logic and Celera. I meet regularly with 
our Clinical Group to evaluate our Research directions. I often 
presented our programs to the Genentech Executive Committee, the 
Board of Directors, the Scientific Resource Board, and to many 
other functional areas within Genentech. I also represented 
Genentech at external Scientific and Financial forums. 
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Curriculum Vitae 
Paul J. Godowski 



PUBLICATIONS 

1. Spang, A.E., Godowski, P.J. and Knipe, D.M. (1983) 
Characterization of herpes simplex virus 2 temperature- 
sensitive mutants whose lesions map in or near the coding 
sequences for the major DNA-binding protein. J. of Virol. 
45:332-342. 

2. Godowski, P.J. and Knipe, D.M. (1983) Mutations in the 
major DNA-binding protein of herpes simplex virus type 1 
result in increased levels of viral gene expression. J. of 
Virol. 47:478-486. 

3. Godowski, P.J. and Knipe, D.M. (1985) Identification of a 
herpes simplex virus function that represses late gene 
expression from parental viral genomes. J. of Virol. 55:357- 
365. 

4. Godowski, P.J. (1985) Regulation of herpes simplex virus 
type 1 gene expression. Ph.D. Thesis, Harvard University, 
Cambridge , Massachusetts . 

5. Godowski, P.J. and Knipe, D.M. (1986) Transcriptional 
regulation of herpes simplex virus type 1 gene expression: 
Gene functions required for positive and negative regulation. 
Proc. Natl. Acad. Sci. U.S.A. 83:256-260. 

6. Miesfeld, R. , Rusconi , S., Godowski, P.J., Maler, B., Okret, 
S., Wikstrom, A-C., Gustafsson, J-A. and Yamamoto, K.R. 

(1986) Genetic complementation of a glucocorticoid receptor 
deficiency by expression of cloned receptor cDNA. Cell 
46:389-399. 

7. Rusconi, S., Miesfeld, R. , Godowski, P.J., Vanderbilt, J., 
Maler, B. and Yamamoto, K. (1986) Functional analysis of 
cloned glucocorticoid receptor sequences. In "RNA Polymerase 
and the Regulation of Transcription", Sixteenth Steenbock 
Symposium. (W.S .Reznikof f , R.R. Burgess, J.E. Dahlberg, C.A. 
Gross, T.M. Record and M.P. Wickens, eds . ) , Elsevier Science 
Publishing, New York. 

8. Godowski, P.J., Rusconi, S., Miesfeld, R. and Yamamoto, K. 

(1987) Glucocorticoid receptor mutants that are constitutive 
activators of transcriptional enhancement. Nature 325:365- 
368. 
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9. Miesfeld, R., Godowski, P.J., Maler, B. and Yamamoto, K. 
(1987) Glucocorticoid receptor mutants that define a small 
region sufficient for enhancer activation. Science 236:423- 
427. 

10. Miesfeld, R., Sakai, D., Inoue, A., Schena, M. , Godowski, 
P.J. and Yamamoto, K. (1987) Glucocorticoid receptor 
sequences that confer positive and negative transcriptional 
regulation. In: UCLA Symposium on Steroid Hormone Action (G. 
Ringold, ed.), Alan R. Liss, Inc., New York. 

11. Godowski, P.J., Sakai, D. and Yamamoto, K. (1988) Signal 
transduction and transcriptional regulation by the 
glucocorticoid receptor. In: UCLA Symposium on DNA- Protein 
Interactions in Transcription (J. Gralla, ed.), Alan R. Liss, 
Inc . , New York. 

12. Godowski, P.J. and Yamamoto, K. (1988) Signal transduction 
and transcriptional regulation by glucocorticoid receptor- 
lexA fusion proteins in mammalian cells. Science 241:812- 
816. 

13. Yamamoto, K.R., Godowski, P.J. and Picard, D. (1988) 
Ligand-regulated nonspecific inactivation of receptor 
function: a versatile mechanism for signal transduction. 
Cold Spring Harbor Symposia on Quantitative Biology, Volume 
LIII:803-811. 

14. Godowski, P.J. and Picard, D. (1989) Steriod receptors: how 
to be both a receptor and a transcription factor. Biochem. 
Pharma. 38 : 3135-3143 . 

15. Godowski, P.J., Leung, D.W., Meacham, L.R., Galgani, J. P., 
Hellmiss, R. , Keret, R., Rotwein, P.S., Parks, J.S., Laron, 
Z. and Wood, W.I. (1989) Characterization of the human 
growth hormone receptor gene and the demonstration of a 
partial gene deletion in Laion-type dwarfism. Proc. Natl. 
Acad. Sci. U.S.A. 86:8083-8087. 

16. Spencer, S.A., Leung, D.W., Godowski, P.J., Hammonds, R.G., 
Waters, M.J. and Wood, W.I. (1990). Growth Hormone Receptor 
and Binding Protein. Recent Progress in Hormone Research, 
Vol. 46. pp. 165. 

17. Laron, Z., Pertzelan, A., Wood, W.I., Godowski, P.J., 
Rotwein, P.S., Meacham, L.R. and Parks, J.S. In New 
perspectives on genetic markers and diseases among the jewish 
people. Oxford University Press, New York, NY. 10016, USA. 



18. Christopherson, K.S., Mark, M.R., Bajaj, V. and Godowski, 
P.J. (1992) . Ecdysteroid dependent regulation of genes in 
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mammalian cells by a drosophila ecdysone receptor and 
chimeric transactivators . Proc . Natl. Acad. Sci. USA 89:6314- 
6318. 

19. Lokker, N.A. , Mark, M.R., Luis, E .A. , Bennett , G.L., Robbins, 
K.A., Baker, J.B. and Godowski, P.J. (1992) Structure- 
function analysis of hepatocyte growth factor: 
Identification of variants that lack mitogenic activity yet 
retain high-affinity receptor binding. EMBO J. 11:2503-2510. 

20. Godowski, P.J. and Henner, D. (1992). Guest Editors for: 
Methods: A companion to methods in Enzymology: "Protein 
Overproduction in Heterologous systems". Vol. 4:2. 

21. Mark, M.R., Lokker, N.A. and Godowski, P.J. (1992). 
Expression and Characterizaton of Hepatocyte Growth Factor 
Receptor-IgG Fusion Proteins. J. of Biol. Chem. 267:26166- 
26171. 

22. Godowski, P.J. (1993). Transcriptional regulation of 
mammary tumor virus gene expression. Seminars in Virology: 
Transcriptional regulation of viruses. Vol. 4:43-53. 

23. Roos, F., Terrell, T.G., Godowski, P.J. and Schwall, R.H., 
(1992) . Reduction of ANIT-induced hepatotoxicity by 
recombinant human hepatocyte growth factor. Endocrinology 
131 :2540-2544 . 

24. Lokker, N.A. and Godowski, P. (1993). Generation and 
characterization of a competitive antagonist of human 
hepatocyte growth factor (HGF/NK1) . J. Biol. Chem. 268:17145- 
17150. 

25. Zioncheck, T.F., Richardson, L., DeGuzman, G.G., Modi, N.B., 
Hansen, S.E. and Godowski, P.J. (1994) . The 
pharmacokinetics, tissue localization, and metabolic 
processing of recombinant human hepatocyte growth factor 
after intravenous administration in rats. Endocrinology 134: 
1879-87. 

26. Mark, M.R., Scadden, D.T., Wang, Z., Gu, Q., Goddard, A. and 
Godowski, P.J. (1994) . Rse, a novel receptor- type tyrosine 
kinase with homology to Axl/Ufo is expressed at high levels 
in the brain. J. Biol. Chem. 269: 10720-10728. 

27. Lokker, N.A. , Presta, L.G. and Godowski, P.J. (1994). 
Mutational analysis and molecular modeling of the N-terminal 
kringle-containing domain of hepatocyte growth factor 
identifies amino acid side-chains important for interaction 
with the c-met receptor. Prot . Eng. 7:895-903. 
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28. Gallo, K.A., Mark, M.R., Wang, Scadden, D.T., Gu, Q. and 
Godowski, P.J. (1994) . Identification and characterization 
of SPRK, a novel SH3 domain- containing proline-rich kinase 
with serine/thereonine kinase activity. J. Biol Chem. 
269:15092-15100. 

29. Nusrat, A., Parkos, C.A., Bacarra, A.E., Godowski, P.J., 
Delp-Archer, C. , Rosen, E.M. and Madara, J.L. (1994). 
Hepatocyte growth f actor/scatter factor effects on epithelia. 
Regulation of intercellular junctions in transformed and 
nontransf ormed cell lines, basolateral polarization of c-met 
receptor in transformed and natural intestinal epithelia, and 
induction of rapid wound repair in a transformed model 
epithelium. J. Clin. Invest. 93:2056-2065. 

30. Gaudino, G. , Follenzi, A., Naldini, L. , Collesi, C, Santoro, 
M. , Gallo, K. , Godowski, P.J. and Comoglio, P.M. (1994) Ron 
is a heterodimeric tyrosine kinase receptor activated by the 
HGF-homolog MSP. EMBO J. 13:3524-3532 

31. Webber, E.M., Godowski, P.J. and Fausto, N. (1994) In vivo 
response of hepatocytes to growth factors requires an initial 
priming stimulus. Hepatology (19)2: 489-497 

32. Godowski, P.J., Mark, M.R., Chen, J., Sadick, M.D., Raab, H. 
and Hammonds, R.G. (1995) Revelation of the roles of protein 
S and Gas6 as ligands for the receptor tyrosine kinase 
Rse/Tyro 3. Cell (82)3: 355-358 

33. Mark, M.R., Chen, J., Hammonds, G., Sadick, M. and Godowski, 
P.J. (1996) Characteration of Gas6, A member of the 
Superfamily of G Domain containting Proteins, as a Ligand for 
Rse and Axl . J. Bio. Chem. 271:9785-9789. 

34. Li, R.H., Chen, J. Hammonds, G. , Phillips, H. , Armanini, M. , 
Godowski, P.J., Sliwkowski, M.X. and Mather, J. P. (1996) 
Identification of Gas6 as a growth factor for Human Schwann 
Cells. J. of Neuroscience . 16 (6) : 2012 -2019 . 

35. Osaka, G., Carey, K. , Cuthbertson, A., Godowski, P., 
Patapoff, T., Ryan, A., Gadek, T., and Mordenti, J. (1996) 
Pharmacokinetics, Tissue Distribution, and Expression 

Efficiency of Plasmid [ 33 P]DNA Following Intravenous 
Administration of DNA/Cationic Lipid Complexes in Mice: Use 
of a Novel Radionuclide Approach. J. of Pharm. Sci. 85:612- 
618. 

36. Banu, N . , Price, D.J., London, R. , Deng, B., Mark, M. , 
Godowski, P.J., and Avraham, H. (1996) Modulation fo 
megakaryocytopoiesis by Human Macrophage-Stimulating Protein, 
the Ligand for the Ron Receptor 1 . J. of Immun. 156:29332940. 
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37. Rana, A., Gallo, K. , Godowski, P., Hirai, S., Ohno, S., Zon, 
L. , Kyriakis, J.M. , and Avruch, J. (1996) The mixed lineage 
kinase SPRK phosphorylates and activiates the stress- 
activated protein kinase activator, SEK-1. (1996) Journal of 
Biological Chemistry. 271(32): 19025-19028. 

38. Schwall, R.H., Chang, L.Y., Godowski, P.J., Kahn, D.W., 
Hillan, K.J., Bauer, K.D., and Zioncheck, T.F. (1996) Heparin 
induces dimerization and confers proliferative activity onto 
the hepatocyte growth factor antagonists NK1 and NK2 . 
Journal of Cell Biology. 133 (3 ): 709-718 . 

39. Marsters, S.A, Sheridan, J. P., Pitti, R.M., Huang, A., 
Skubatch, M . , Baldwin, D., Yuan, J., Gurney, A., Goddard, 
A.D., Godowski, P., and Ashkenazi, A. (1997) A novel 
receptor for Apo 2L/trail contains a truncated death domain. 
Current Biology. 7 (12) : 1003-1006 . 

40. Zhang, D.X., Sliwkowski, M.X., Mark, M. , Frantz, G. , Akita, 
R., Sun, Y., Hillan, K. , Crowley, C, Brush, J., and 
Godowski, P.J. (1997) Neuregulin-3 (NRG3) - A novel neural 
tissue-enriched protein that binds and activates ERBB4 . 
Proceedings of the National Academy of Sciences of the United 
States of America. 94 (18) : 9562-9567 . 

41. Sheridan J. P., Marsters, S.A., Pitti, R.M. , Gurney, A., 
Skubatch, M., Baldwin, D., Ramakrishnan, L. , Gray, C.L., 
Baker, R., Wood W.I., Goddard, A.D., Godowski, P., and 
Ashkenazi, A. (1997) Control of trail -induced apoptosis by a 
family of signaling and decoy receptors. Science. 
277 (5327) :818-821. 

42. Wang, M.H., Julian, F.M., Breathnach, R. , Godowski, P.J., 
Takehara, T., Yoshikawa, W. , Hagiya, M. , and Leonard, E.J. 
(1997) Macrophage stimulating protein (MSP) binds to its 
receptor via the MSP beta chain. ■ Journal of Biological 
Chemistry. 272 (27) : 16999- 17004 . 

43. Chen, J., Carey, K. , and Godowski, P.J. (1997) 
Identification of Gas6 as a ligand for Mer, a neural cell 
adhesion molecule related receptor tyrosine kinase implicated 
in cellular transformation. Oncogene. 14 (17) :2033-2039 . 

44. Pitti, R.M., Marsters, S.A., Lawrence, D.A., Roy, M. , 
Kischkel, F.C., Dowd, P., Huang, A., Donahue, C.J., Sherwood, 
S.W., Baldwin, D.T., Godowski, P.J., Wood, W.I., Gurney, A.L, 
Hillan, K.J., Cohen, R.L., Goddard, A.D., Botstein, D. , and 
Ashkenazi, A. (1998) Genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer. Nature. 
396 (6712) : 699-703 . 
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45. Ultsch, JVL # Lokker, N.A, Godowski, P.J., and Devos, A.M. 
(1998) Crystal structure of the NK1 fragment of human 
hepatocyte growth factor at 2.0 angstrom resolution. 
Structure. 6 (11) :1383-1393. 

46. Yang, R.B. , Mark, M.R., Gray A., Huang A., Xie, M.H. , Zhang, 
M. , Goddard, A., Wood, W.I., Gurney, A.L., and Godowski, P.J. 
(1998) Toll-like receptor-2 mediates lipopolysaccharide- 
induced cellular signalling. Nature. 395 (6699) : 284-288 . 

47. Zhang, D., Frantz, G. , and Godowski, P.J. (1998) New 
Branches of the Neuregulin Family Tree. Molecular 
Psychiatry. 3(2) :112-115. 

48. Gurney, A.L., Marsters, S.A., Huang, A., Pitti, R.M., Mark, 
M. , Baldwin, D.T., Gray, A.M., Dowd, P., Brush, J., Heldens, 
S., Schow, P., Goddard, A.D., Wood, W.I., Baker, K.P., 
Godowski, P.J., and Ashkenazi, A. (1999) Identification of 
a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology. 

9 (4) :215-218 . 

49. Modi in R.L., Brightbill H.D., and Godowski P.J. (1999) The 
toll of innate immunity on microbial pathogens. N Engl J Med. 
340 (23) :1834-5. 

50. Yang R.B., Mark M.R., Gurney A.L, and Godowski P.J. (1999) 
Signaling events induced by lipopolysaccharide-activated 
toll-like receptor 2. J Immunol. 63 (2 ): 639-43 . 

51. Brightbill H.D, Libraty D.H., Krutzik S.R., Yang R.B., 
Belisle J.T., Bleharski J.R., Maitland M., Norgard M.V., 
Plevy S.E., Smale S.T., Brennan P.J., Bloom B.R., Godowski 
P.J, and Modlin R.L. (1999) Host defense mechanisms 
triggered by microbial lipoproteins through toll-like 
receptors . Science 285 (5428) : 732-6 . 

52. Aliprantis A.O., Yang R.B., Mark M.R., Suggett S, Devaux B, 
Radolf J.D., Klimpel G.R., Godowski P, and Zychlinsky A. 
Cell activation and apoptosis by bacterial lipoproteins 
through toll-like receptor-2. Science 285 (5428) : 736-9 . 

53. Aliprantis A.O., Yang R.B., Weiss D.S., Godowski P, and 
Zychlinsky A. (2 0 00) The apoptotic signaling pathway 
activated by Toll-like receptor-2. EMBO J. 19 (13) : 3325-36 . 

54. Thoma-Uszynski S., Keitscher S.M. Ochoa M.T. Bouis D.A. 
Norgard M.V. Miyake K. , Godowski P.J., Roth M.D. and Modlin, 
R.L. (2 000) Activation of toll -like receptor 2 on human 
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dendritic cells triggers inductin of IL-12, but not IL-10. J 
Immunol. 165(7) ; 3 804-10. 

55. Tapping R.I, Akashi S., Miyake K. , Godowski P.J., and Tobias 
P.S. (2000) Toll-like receptor 4, but. not toll-like receptor 
2, is a signaling receptor for Escherichia and Salmonella 
lipopolysaccharides . J Immunol. 165 (10) : 5780-7 . 

56. Arbibe L., Mira J. P., Teusch N. , Kline L. , Guha M. , Mackman 
N., Godowski P.J., Ulevitch R.J., and Knaus U.G. (2000) Toll- 
like receptor 2 -mediated NF-kappa B activation requires a 
Racl- dependent pathway. Nature Immunology 1(6): 533-40. 

57. Hertz C., Kiertscher S., Godowski P., Bouis D., Norgard M. , 
Roth M., and Modlin R. (2001) Microbial lipopeptides 
stimulate dendritic cell maturation via toll-like receptor 2. 
J Immunol. 166 (4) :2444-50 . 

58. Thoma-Uszynski S., Stenger S., Takeuchi O, Ochoa M.T., Engele 
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Communicated by Lewis Thomas, June 23, 1975 

ABSTRACT In studying "hemorrhagic necrosis" of tu- 
mors produced by endotoxin, it was found that the serum of 
bacillus Calmette-Guerin (BCG>infected mice treated with 
endotoxin contains a substance (tumor necrosis factor; TNF) 
which mimics the tumor necrotic action of endotoxin itself. 
TNF-positive serum is as effective as endotoxin itself in caus- 
ing necrosis of the sarcoma Meth A and other transplanted 
tumors. A variety of tests indicate that TNF is not residual 
endotoxin, but a factor released from host cells, probably 
macrophages, by endotoxin. Corynebacteria and Zymosan, 
which like BCG induce hyperplasia of the reticuloendotheli- 
al system, can substitute for BCG in priming mice for release 
of TNF by endotoxin. TNF is toxic in vitro tor two neoplastic 
cell lines; it is not toxic for mouse embryo cultures. We pro- 
pose that TNF mediates endotoxin-induced tumor necrosis, 
and that it may be responsible for the suppression of trans- 
formed cells by activated macrophages. 

One of the best-known enigmas of cancer biology is the 
"hemorrhagic necrosis" of tumors induced by endotoxin 
(1-5). We report here that endotoxin acts indirectly by caus- 
ing the host to release a substance, which we name tumor 
necrosis factor (TNF), that is selectively toxic for malignant 
cells. 

MATERIALS 

BCG (bacillus Calmette-Guerin, Tice strain) was obtained 
from the Institute for Tuberculosis Research (University of 
Illinois Medical Center, Chicago, III); Corynebacterium 
granulosum (Reticulostimuline, no. 90808) from the Pasteur 
Institute (Paris, France); Corynebacterium parvum from the 
Burroughs Wellcome Laboratories (Triangle Park, N.C.); 
Zymosan (from Saccharomyces cervisiae) from Nutritional 
Biochemical Corporation; endotoxin (lipopolysaccharide W 
from Escherichia coli) from Difco (Detroit, Mich.); BCG old 
tuberculin (O.T.) from Jensen-Salisbury Laboratories (Kan- 
sas City, Mo.); mixed bacterial vaccine (MBV = heat-killed 
Streptococcus pyogenes and Serratia marcescens) from 
Bayer Co. (Wuppertal, Germany); Brucella abortus vaccine 
from the U.S. Department of Agriculture (Ames, Iowa); and 
poly(I)«poly(C) from P-L Biochemicab (Milwaukee, Wise.). 

RESULTS 

Assay for tumor necrosis factor (TNF) in serum 

The criterion adopted as a standard for assaying TNF in the 
sera of mice subjected to various treatments (see below) was 
visual observation of necrosis in a subcutaneous transplant of 
BALB/c sarcoma Meth A. Fig. 1 illustrates the grades of re- 



Abbreviations: TNF, tumor necrosis factor; BCG, bacillus Cal- 
mette-Guerin; iv, intravenous; RES, reticuloendothelial system; 
MEF, mouse embryo fibroblasts. 



sponse (- to +++) elicited in individual (BALB/c X 
C57BL/6)Fi mice by administration of serum containing 
TNF. In the maximum (+++) response, the major part of 
the tumor mass is destroyed, leaving only a peripheral rim of 
apparently viable tumor tissue. In about 25% of mice treated 
with 0.5 ml of TNF-positive serum, the tumor regresses. Re- 
gression is not seen in control untreated mice under these 
conditions. Mice receiving TNF-positive serum show no 
marked signs of toxicity. 

Necessity for treatment with both BCG and endotoxin 
for the production of TNF in the serum 

In the studies summarized in Table 1, TNF was demonstra- 
ble in the serum of BCG-infected mice given endotoxin, but 
not in the serum of mice given either BCG alone or endotox- 
in only. 

Conditions for optimal production of TNF 

Dose of BCG. An inoculum of 2 X 10 7 viable organisms 
was chosen because we found that this gives maximal reti- 
culo-endothelial system (RES) stimulation and sensitization 
to endotoxin lethality (6). 

Interval Between BCG Infection and Administration of 
Endotoxin. We chose an interval of 14-21 days because this 
is the time of maximal RES stimulation, as judged by en- 
largement of the spleen and liver and by phagocytic indices. 



Table 1. Necrosis of sarcoma Meth A* produced in vivo 
by serum from BCG-infected CD-I Swiss mice 
treated with endotoxin 



Serum t from mice 

treated with : TNF assay : Necrotic response * 

++♦ ++ + — 

Endo- " 

BCG§ toxin U Number of mice 

_ _ 9 

2 7 

+ 9 
+ + 171 109 

* 7-day subcutaneous transplants of BALB/c sarcoma Meth A in 
(BALB/c x C57BL/6)F 1 mice; initial inoculum 2 x 10 5 cells; 
approximate diameter of tumor mass at time of assay, 7-8 mm. 

t Pooled sera from female CD-I Swiss donors; 0.5 ml iv per tumor- 
bearing recipient. 

t For scoring of the necrotic response, see Fig. 1. 

§ Viable organisms (2 x 10 7 ) iv per mouse 14 days before exsan- 
guination. 

1 Twenty-five micrograms iv per mouse 2 hr before exsanguination. 
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FIG. 1. Grading of the necrotic responses of BALB/c sarcoma Meth A (7-day subcutaneous transplants) 24 hr after administration of 0.5 
ml of TNF-positive serum intravenously (iv). Histology shows corresponding devastation of tumor cells; hemorrhage is only a minor feature 
at this stage. 



Dose of Endotoxin. In the range of 0.25-25 \t% per 
mouse, the highest dose was most consistently effective in 
eliciting TNF in BCG-infected mice. 

Time of Serum Collection. Intervals of 30 min to 4 hr 
after endotoxin (in BCG-infected mice) were investigated. 
The optimal time for collecting serum was found to be 2 hr. 
Although at this time the mice were acutely shocked, their 
blood volume was still sufficient for a good yield, whereas 
later they were moribund with circulatory collapse. (Clot- 
ting of blood from donors yielding TNF is minimal or ab- 
sent; in fact poor clotting is a good indication that a particu- 
lar serum will show TNF activity. We refer to the supernate 
obtained after centrifugation of pooled blood as "serum," al- 
though its composition may be closer to plasma.) 

Conditions for optimal assay of TNF 

(a) The BALB/c ascites sarcoma Meth A (inoculated subcu- 
taneously in counted numbers) was chosen for the standard 
TNF assay because we knew it to be susceptible to "hemor- 
rhagic necrosis" produced by endotoxin, and because we are 
familar with its highly consistent growth characteristics. Al- 
though the assay can be conducted equally effectively with 
Meth A in syngeneic BALB/c hosts, the (BALB/c X 
C57BL/6)Fi hybrid was preferred because these mice were 
available in greater numbers, (b) As in the case of endotoxin 
itself, TNF produced its most consistent effect on well-estab- 
lished (7-day) transplants, less effect on 6-day transplants 
and virtually none on 5-day transplants, (c) In the standard 
assay, the necrotic response generally corresponds with the 
volume of TNF-ppsitive serum administered in the range 



0.1 ml (usually negative)-0.5 ml (+++ reaction), (d) We 
found 24 hr to be the optimal time to score TNF reactions. 
Reactions are already evident after 3-4 hr. 

Other priming and eliciting agents 

As Table 2 shows, C. granulosum, C. parvum, and Zymosan 
are as effective as BGG as priming agents for TNF release 
by endotoxin. These agents have in common their capacity 
to produce marked RES hyperplasia. Two agents in addition 
to endotoxin, mixed bacterial vaccine and poly(I>poly(C), 
elicited TNF in BCG-primed mice, whereas old tuberculin 
and B. abortus did not. 

• » 

Estimation of residual endotoxin in TNF-positive sera 

Two assays were used to detect residual endotoxin in TNF- 
positive sera. In the standard rabbit pyrogenicity assay (7), 
the two separate pools of TNF-positive sera tested showed 
endotoxin levels of ^0.01 ng/m\ and 0.022 ug/ml Sera from 
norma) mice, endotoxin-treated mice, or BCG-treated mice 
(Table 1) were non-pyrogenic. In the Limulus assay (8), en- 
dotoxin levels estimated at 1 pg/m\ were found in the serum 
of endotoxin-treated mice, whether pretreated with BCG or 
not These amounts of residual endotoxin in TNF-positive 
sera are less than 0.1-1% of the amount necessary to produce 
comparable hemorrhagic necrosis in Meth A. 

Effect of TNF on other tumors 

A high degree of sensitivity to TNF, comparable to that of 
Meth A, was observed with the following transplanted tu- 
mors, growing subcutaneously in the indicated mouse 
strains: sarcomas S-180 (CD-I Swiss) and BP8 (C3H); leuke- 



Table 2. Assays for TNF in the serum of mice treated with various priming and eliciting agents 



Treatment of serum donors * 



TNF assay: Necrotic response t 







+++ 


++ 


+ 




Priming agent 


Eliciting agent* 




Number of mice 






Endotoxin (25 Mg) 


171 


109 








Mixed bacterial vaccine (5 v\) 


10 


6 


3 




BCG (2 X 10 7 viable organisms) 


poly(I)-poly(C)(200Mg) 




2 




.9 




Old tuberculin (50 Mg) 








9 




B. abortus (1 x 10* killed organisms) 








11 




BCG (1 X 10 8 viable organisms) 






2 


9 


C. granulosum (700 /ig) 




8 








C. parvum (1000 pg) 


Endotoxin (25 Mg) 


24 


7 






Zymosan (2000 ng) 




4 









♦ CD-I Swiss mice received the eliciting agent 14 days after the priming agent (both iv) and were exsanguinated 2 hr later, 
t For scoring of the necrotic response, see Fig. 1 and Table 1. 
X Doses are given in parentheses. 
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Table 3. Mouse strains compared for their capacity 

to produce TNF 

Treatment of serum donors * 



BCG (2 X 10 7 viable C. granulosum 
organisms) + (700 Mg) + endo- 

endotoxin (25 Mg) toxin (25 jig) 



TNF assay: Necrotic response t 



Strain of 
serum donors 


+++ 


++ + — 


+++ 


++ + — 




Number of mice 




CD-I Swiss 

C57BL/6 

SJL/J 

AKR/J 

A/J 


171 
4 
3 
4 


109 

1 

4 


8 
4 
4 
3 


1 

3 1 



* Donor mice received endotoxin 14 days after BCG or C. granulosum 

{both iv) and were exsanguinated 2 hr later, 
t For scoring of the necrotic response, see Fig. 1 and Table 1 . 



mias EL4 (C57BL/6), ASL1 (A strain), RADA1 (A strain), 
RL<51 (BALB/c), and EARAD1 (C57BL/6 X A)Fi; and mas- 
tocytoma P815 (DBA/2). The reticulum-cel! sarcoma RCS5 
(SJL), which disseminates widely, was resistant. Among pri- 
mary spontaneous neoplasms, AKR leukemias show interme- 
diate sensitivity (indicated by reduction in the size of spleen 
and lymph nodes), and mammary tumors of (C3H/An X 
I)Fi origin were only slightly responsive. Meth A growing in 
the ascites form was highly sensitive to TNF given intraperi- 
toneally, even in recipients with advanced disease. 

Production of TNF by different mouse strains (Table 3) 

Strains C57BL/6, SJL/J, and AKR/J produced TNF roughly 
as well as Swiss mice. A/J mice failed to produce TNF when 
primed with BCG but did so to some extent when primed 
with C. granulosum. 

TNF production in other mammals (Table 4) 

Both rats and rabbits produced TNF; as in the mouse, both 
BCG and endotoxin were required to induce appreciable 
amounts of TNF. Rabbits are particularly sensitive to endo- 
toxin, so the dose was adjusted accordingly. The serum of 



BCG-infected rabbits that died less than an hour after endo- 
toxin showed little or no TNF activity. 

Activity of TNF against cells in culture (Fig. 2) 

This was tested with Meth A cells, L cells (NCTC Clone 
929), and mouse embryo fibroblasts (MEF). The L cells 
proved most sensitive, Meth A sarcoma cells somewhat less 
so, and MEF virtually insensitive. The criterion employed 
was the count of viable cells after 48-hr exposure. Judging 
by proportional viability counts (trypan blue exclusion or 
phase microscopy), the effect of TNF on Meth A appears 
primarily cytostatic, whereas L cells die within the 48-hr test 
period. The toxicity is delayed; no effect of TNF is demon- 
strable in the first 16 hr of exposure. Measurable toxicity for 
L cells was demonstrable with dilutions of TNF-positive 
serum as high as lilO 4 . Toxicity was not abolished by heat- 
ing the TNF serum to 56° for 30 min. Sera from normal 
mice, or mice treated with either BCG or endotoxin alone, 
tested under the same conditions as TNF-active sera, showed 
no toxicity. Endotoxin itself, in concentrations as high as 500 
/ig/ml, was not toxic for L cells. Rabbit and rat TNF sera 
had the same pattern of toxicity as mouse TNF, being highly 
toxic for L cells but not for MEF. 

Correlation of toxic effects of TNF-positive sera in 
vitro and in vivo 

In a broad range of tests, there has been no discrepancy be- 
tween the TNF activity of sera against Meth A in vivo and 
their toxicity for L cells in vitro. 

DISCUSSION 

The inhibitory effect of bacterial products on human cancer 
has long been known (9). The counterpart in laboratory ani- 
mals has been regarded as the "hemorrhagic necrosis' ' of 
transplanted tumors caused by material from Gram-nega- 
tive bacteria. Much early work culminated in Shear s isola- 
tion of a tumor-necrosing "polysaccharide" (10), now recog- 
nized as endotoxin. The fact that endotoxin does not kill 
tumor cells in culture indicated that its action must be indi- 
rect, and lent credence to Algire's conclusion (11) that hem- 
orrhagic necrosis might be secondary to endotoxin-induced 
hypotension leading to circulatory stasis and ischemia in the 
tumor. The discovery of TNF provides a more obvious ratio- 
nale for the indirect action of endotoxin, namely, that endo- 



Table 4. TNF release in rats and rabbits 



Serum donors 



Treatment of 
serum donors' 



+++ 



BCG 



Endotoxin 



+ 
+ 



CD rat 



++ 



1 
1 



NZW rabbit 



TNF assay: Necrotic response t 



+++ 



++ 



Number of mice 



8 
8 
7 
2 



11* 



23* 



2 
.1 

1 
10* 



6 
7 
7 

7* 



* BCG (7 X 10 7 viable organisms iv per rat or 3 x 10* iv per rabbit) was given 14 days before endotoxin. Endotoxin (250 ng iv per rat or 100 fig 

iv per rabbit) was given 2 hr before exsanguination. 
t For scoring of Meth A necrotic response, see Fig. 1 and Table 1. m 
X Heat-inactivated sera from 17 different rabbits assayed in three mice each, making a total of 51 assay mice. Each mouse was injected with 

0.5 ml of rat serum or 1 ml of rabbit serum. 
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FIG. 2. Inhibition of growth of cultured cell lines by TNF-pos- 
itive serum. L cells (NCTC Clone 929) and BALB/c embryo fibro- 
blasts (MEF) were grown as monolayers, and Meth A cells in sus- 
pension. Culture medium: Eagle's minimum essential medium plus 
nonessential amino acids, 10% heat- inactivated fetal calf serum, 
penicillin (100 U/ml), and streptomycin (100 Mg/ml). One milliliter 
of cell suspension (2 X 10 s MEF or L cells per ml; 2.5 X 10 4 Meth A 
cells per ml) was plated with 1 ml of the mouse serum to be tested, 
in serial dilution (abscissa), or 1 ml of culture medium (standard). 
Incubation: 48 hr in 5% CO2 in air at 37°. Viability index = num- 
ber of viable cells present in culture with test serum, divided by 
number in culture with medium alone. Insets: growth index = total 
number of cells (viable and dead) after 48 hr in culture in 1/50 
mouse serum (t) divided by number of cells plated. (Replicate 
plates; duplicate readings.) 

toxin causes the host to release a factor which is toxic for the 
tumor. The conclusion that TNF found in the serum me- 
diates, tumor necrosis produced by endotoxin is further sup- 
ported by the fact that both agents, TNF and endotoxin, act 
against a similar spectrum of tumors and at a similar phase 
of their growth. 

Partial characterization of TNF indicates a glycoprotein 

with a molecular weight of about 150,000 which migrates 
with a-globulins (12). This glycoprotein has the characteris- 
tic properties of TNF-positive serum, i.e., necrosis of Meth A 
in vivo and toxicity for L cells in vitro. It does not contain 
the sugar 2-keto-3-deoxyoctonate (KDO) or the 3-D-myristo- 
myristic fatty acid characteristic of the Lipid A moiety of 
endotoxin from E. coli (13). Can TNF be identified with 



any of the factors already known to be elicited by endotox- 
in? So far we can exclude interferon, which, although abun- 
dant in TNF sera, is absent from partially purified TNF. C- 
reactive protein has been ruled out, and the stability of TNF 
at 56° excludes any heat-labile factor. 

The cellular origin of TNF is uncertain, but the fact that 
macrophage-inciting agents are necessary for its demonstra- 
tion in serum points to this cell as the source. This interpre- 
tation is strongly supported by recent observations we have 
made on TNF-donor mice (S. Sternberg, unpublished data). 
In the greatly enlarged spleens of BCG-infected mice, mi- 
croscopy shows massive hyperplasia of macrophages; two 
hours after administration of endotoxin, at the time when 
TNF is abundant in the blood, there is pyknosis and disrup- 
tion of this cell population. 

One of the most provocative findings about macrophages 
in recent years is that when nonspecifically "activated" by 
agents such as BCG, endotoxin, and certain protozoa, they 
acquire selective toxicity for malignant cells (14-17). The 
fact that TNF in vitro showed discriminatory toxicity for 
transformed cells in our present study might suggest that 
TNF mediates the selective cytotoxicity of activated macro- 
phages. 

To explore the full potential of TNF, a more plentiful 
source will be required. Extraction from liver and spleen of 
mice with RES hyperplasia produced by BCG or C. parvum 
is one possibility; but the fact that the rat and rabbit produce 
TNF suggests the use of larger animals for preparing TNF 
in quantity. 
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Activation of transcription of the Egr-1 gene by X-rays is regulated by the promoter 
region of this gene. We linked the radiation-inducible promoter region of the Egr-1 gene 
to the gene encoding the radiosensitizing and tumoricidal cytokine, tumour necrosis 
factor-a (TNF-a) and used a replication-deficient adenovirus to deliver the Egr-TNF 
construct to human tumours growing in nude mice. Combined treatment with Ad5. Egr- 
TNF and 5,000 cCy (rad) resulted in increased intratumoral TNF-a production and 
increased tumour control compared with treatment with Ad5. Egr-TNF alone or with 
radiation alone. The increase in tumour control was achieved without an increase in 
normal tissue damage when compared to tissue injury from radiation alone. Control of 
gene transcription by ionizing radiation in vivo represents a novel method of spatial and 
temporal regulation of gene-based medical treatments. 



The potential of gene therapy in the treatment of cancer is the 
delivery of therapeutic agents to tumour cells to alter the malig- 
nant phenotype or to induce tumour cell cytotoxicity 1 ' 2 . Gene 
therapy strategies currently under clinical investigation for the 
treatment of cancer include the study of genes that activate or 
encode cytotoxins and immune modulators 34 . These strategies 
are frequently limited by inherent drug resistance of tumour 
cells or by poor diffusion of the gene product. The cytotoxic pro- 
teins, such as ricin and pseudomonas endotoxin, must also be 
restricted to the local tumour site to avoid potential systemic 
toxicity. Methods used for localizing cytotoxic gene therapy for 
cancer include viral delivery systems that take advantage of 
tissue-specific receptors 5 and tissue-specific enhancers that limit 
transcription to certain cell types 6 . However, despite these ad- 
vances, localizing gene therapy to the tumour remains a major 
obstacle. Furthermore, the temporal regulation of cytotoxic 
genes is not possible with constitutive promoters that have a 
high level of basal gene expression. Alternatively, transcriptional 
activation of a radiation-inducible promoter can be controlled 
by ionizing radiation within a specific volume and for a chosen 
period. We have taken advantage of both the killing effect and 
the targeting potential of ionizing radiation to achieve spatial 
and temporal regulation of TNF-a gene- transcription and en- 
hance tumour cell killing. 

Tumour necrosis factor-a (TNF-a) is a cytokine that activates 
the cellular immune response 7 and is directly cytotoxic to some 
tumour cells 8 . Mechanisms of direct cell killing by TNF-a involve 
both apoptosis and necrosis 9 ' 10 . When combined with radiation 
in vivo, TNF-a is reported to enhance tumour control through 
immune modulation 11 . We and others have reported that TNF-a 



enhances direct tumour cell killing in vivo and in vitro following 
exposure to ionizing radiation 1217 and a clinical study that com- 
bined systemically (intravenously) administered TNF-a and 
therapeutic local/regional radiation demonstrated promising re- 
sults in local tumour control 18 . In that study, increased serum 
concentrations of TNF-a correlated with an increase in local con- 
trol in the irradiated tumour bed. However, systemic toxicity 
attributable to TNF-a limited the therapeutic efficacy of this 
treatment regimen. We propose that a gene therapy approach 
combining high intratumoral TNF-a levels induced by regional 
radiation exposure might limit systemic toxicity while achieving 
local tumour control. 

Although numerous radiation-inducible genes 1921 , and pro- 
teins 22 have been identified, relatively few radiation inducible 
promoters/enhancers have been characterized 23,24 . Promoter/ 
enhancers are DNA sequences that bind proteins which control 
gene transcription. DNA sequences that activate transcription 
after X-irradiation include AP-1 (ref. 23), the NFkB binding se- 
quence 25 and the CC(A+T rich) 6 GG (CArG) elements within the 
5' untranslated region of the early growth response (Egr-1) pro- 
moter 24 . We selected the CArG elements of the Egr-1 promoter K 
(425 bp upstream from the transcription start site) to regulate 
TNF-a, because these elements are inducible in several types of 
human tumour cells 2426 (D.E.H., unpublished observation). We 
ligated a region containing the six CArG elements of the pro- 
moter/enhancer region of the Egr-1 gene upstream to a TNF-a 
cDNA. The replication-deficient adenovirus type 5 (Ad5) 27 28 was 
used to deliver the Egr-TNF genetic construct to tumours. The 
Ad5. Egr-TNF vector was injected into the human epithelial tu- 
mour (SQ-20B) xenograft. SQ-20B is a radioresistant tumour ceil 
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• n e derived from a human laryngeal carcinoma 29 ' 30 . The schedule 
gf delivery of Ad5.Egr-TNF and radiation was chosen to simulate 
eatment in the clinical setting. We show that the decrease in 
mour volume after administration of Ad5. Egr-TNF and radia- 
flon is associated with TNF-a induction and an increase in 
apoptosis, as well as in necrosis and inflammation. These effects 
ftere not observed using the control AdS(null) virus combined 
*th radiation. 

J\d5.Egr-TNF and therapeutic radiation 

ffo study a potential interaction between Ad5.Egr-TNF and radia- 
tion, SQ-20B xenografts were grown to a mean volume of 160 
jhm 3 and injected with Ad5.Egr-TNF. Control tumours were un- 
jnjected (Fig. la). Ad5.Egr-TNF alone or radiation alone 
produced tumour regression to a mean of 30% (day 28) or 51% 
(day 25) of the original volume, respectively (Fig. la). Tumour 
regression in these groups of animals was followed by tumour re- 
growth to the original volume by day 42 and 38 post-treatment 
(Fig. la). In the group of mice treated with Ad5.Egr-TNF plus ra- 
diation, the mean tumour volume was reduced to 16% of the 
original volume at day 38 (P < 0.05) with no tumour regrowth. 
At day 60, Ad5.Egr-TNF combined with X-irradiation produced a 
90% reduction in tumour volume in 12 of 16 tumours, com- 
pared with radiation alone (10 of 23 tumours), or Ad5. Egr-TNF 
alone (5 of 16 tumours; P < 0.04, ANOVA). 

Tumours were treated with the Ad5(null) virus with and with- 
out radiation. Xenografts were grown to a mean volume of 152 
mm 3 . Tumours were injected with Ad5(null) virus twice weekly 
for 2 weeks, either alone or in combination with X-irradiation 
(5 Gy day" 1 , 4 days per week) to a total dose of 40 Gy. Uninjected 
tumours were treated with a total dose of 40 Gy. We detected no 
effect on tumour growth of the Ad5(null) virus (1 x 10 8 ), with or 
J f without radiation (Fig. lb). Similar results were obtained from 
tumours treated with Ad5(null) at 2 x 10 8 (data not shown). The 
data are consistent with our apoptosis findings in vitro and 
|pathological studies, which demonstrate no interaction between 
|null virus and radiation (see below). 

| Radiation cures a greater percentage of small tumours than of 
I large tumours, which have a greater cell burden. In order to de- 
jr termine whether combined treatment with Ad5.Egr-TNF and 
| radiation would be effective in controlling larger tumours, we di- 
1 vided tumours into 'small' and 'large' groups. The mean tumour 
volume of 160 mm 3 was chosen to divide tumours by size. The 
* mean volume of the large tumours was 234 ± 25 mm 3 whereas 
the mean volume of the small tumours was 114 ± 6 mm 3 (large 
versus small tumours, P< 0.001). In the combined treatment 
group, the mean volume of large tumours at day 0 was 218 ± 14 
mm 3 , and the mean volume of small tumours was 96 ± 12 mm 3 
(P< 0.001). After X-ray treatment alone, both small (<160 mm 3 ) 
and large (>160 mm 3 ) tumours initially regressed. However, re- 
growth to initial volume occurred in the large tumours, whereas 
small tumours did not regrow (Fig. 2a). The combination of radi- 
■. ation and Ad5.Egr-TNF produced a similar volumetric reduction 
i of both large and small tumours without tumour regrowth (Fig. 

2b). These data suggest that induction of the radiosensitizing cy- 
L tokine TNF-a enhances the efficacy of radiation therapy in large 
- tumours, which cannot be controlled effectively with radiation 
% alone. 

Radiation inducibility of Egr-TNF 

^To study radiation induction of TNF-a, SQ-20B xenografts were 
grown to a mean volume of 148 mm 3 in both hind limbs of nude 



a 



10 — i 



Control 
Adeno 
50 Gy 

Adeno + 50 Gy 




I i I 

22 25 28 31 



m — i i _l 

35 38 42 45 49 52 



56 59 



Day 



40 Gy 
null 

null + 40 Gy 




.01 



T" 
3 



10 



17 



24 



T 
31 



38 



45 



52 



Day 



Fig. 1 Reduction of SQ-20B tumour volumes following combined 
treatment. SQ-20B xenografts were injected with 1x10 8 PFU of 
Ad5(null virus) or 2 x 10 8 PFU of Ad. Egr-TNF (twice a week for two 
weeks). Control tumours were not injected. Tumours were irradiated 
(5 Gy per day, 4 days per week) to a total dose of 40 or 50 Gy. 
a, Volumes of xenografts are shown following treatment with: 
Control (untreated); radiation alone at 50 Gy; Ad. Egr-TNF alone; 
Ad. Egr-TNF and 50 Gy. Data are calculated as the percent of original 
(day 0) tumour volume and graphed as fractional tumour volume ± 
s.e.m. b, Volumes of xenografts are shown following treatment 
with: 40 Gy; Ad5(null virus); Ad5 (null virus) + 40 Gy. 
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mice. Each tumour was injected with 2 x 10 8 PFU Ad5.Egr-TNF. 
Tumours in the right hind limbs were irradiated with 5 Gy, four 
times each week, to a total of 50 Gy. Unirradiated tumours in the 
left limbs of the same mice served as controls. TNF-a concentra- 
tions in tumour extracts were analysed using an ELISA assay. 
Median TNF-a concentrations in irradiated tumours were 2,846, 
4,300 and 20,000 pg mg" 1 tumour protein at 7, 14 and 21 days, 
respectively. Unirradiated tumours had median TNF-a concen- 
trations of 945, 950 and 2,643 pg mg' 1 , respectively (P = 0.058, 
Kruskal-Wallis test) 34 . This ELISA does not detect murine TNF-a 
and is specific for TNF-a produced by the human cDNA (D.E.H., 
unpublished observations). These data demonstrate that a single 
administration of the Ad5.Egr-TNF vector is sufficient for radia- 
tion induction of TNF-a protein for at least 21 days, and that 
TNF-a levels accumulate when repeated induction is achieved 
during fractionated radiotherapy. 

TNF-a immunohistochemistry 

To analyse the distribution of Ad5.Egr-TNF, SQ-20B tumour 
xenografts were grown to a mean volume of 148 mm 3 in the 
hind limbs of nude mice. Tumours received a single injection of 
2 x 10 fl PFU of Ad5.Egr-TNF and were irradiated with a single 
5 Gy dose. Immunohistochemical staining of tumour cryosec- 
tions with goat anti-human recombinant TNF-a antibody was 
performed 24 hours after irradiation. Granular intracytoplasmic 
staining for TNF-a was found within infected tumour cells, sug- 
gesting that TNF-a was being packaged for secretion (Fig. 3a). 
TNF-a was released by the infected cells and diffused into the tu- 
mour interstitium at 48 hours, as indicated by pink staining on 
non-infected tumour cells (Fig. 3b). The finding that TNF-a dif- 
fuses to adjacent tumour cells suggests that anti-tumour activity 
mediated by TNF-a when combined with radiation may be due 
to a bystander effect. Such an effect, produced by TNF-a gene 
therapy, is consistent with our recent finding demonstrating 
that a cell-based delivery system containing Egr-TNF-a achieves 
interactive killing with radiation in SQ-20B tumour xenografts 
even though the xenograft SQ-20B cells themselves did not con- 
tain the TNF-a gene 14 . 

Apoptosis induced in SQ-20B cells 

To determine whether apoptosis contributes to tumour cell 
killing with the combination of radiation and TNF-a, we in- 
fected SQ-20B cells with Ad5.Egr-TNF at a multiplicity of 
infection (MOI) of 10, followed 24 hours later by a single dose 
of 20 Gy. Cells were fixed and DNA fragmentation was quanti- 
fied by terminal transferase assay 31 and fluoresence-activated 
cell sorting analysis. Forty-eight hours after irradiation, cells 
treated with either 20 Gy X-irradiation alone (Fig. 4a) or 
Ad5.Egr-TNF alone (Fig. 4b) demonstrated no apoptosis. In 
contrast, 30% of the cells receiving combined treatment of 
Ad5.Egr-TNF and 20 Gy demonstrated DNA fragmentation (Fig. 
4c) and membrane blebbing (not shown), both characteristics 
of apoptosis. The correlation between TNF-a concentration and 
apoptosis was verified by addition of 100 pg ml" 1 human re- 
combinant TNF-a to the*culture medium 4 hours before a 
single dose of 20 Gy. This concentration of exogenous TNF-a 
produced a similar degree of apoptosis as compared with that 
achieved with a MOI of 10 (data not shown). Conversely, the 
addition of the AdS(null) virus at a MOI of 10, followed by radi- 
ation, did not produce apoptosis. These results suggest that the 
combination of high levels of TNF-a and radiation results in 
tumour cell killing by apoptosis. 
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Fig. 2 Treatment effects on large versus small tumours, a, Mean 
volumes of large (>1 60 mm 3 ) and small (<1 60 mm 3 ) xenografts after 
treatment with radiation alone. The mean of large tumours at day 0 
was 234 ± 25 mm 3 and the mean of small tumours at day 0 was 1 1 4 
± 6 mm 3 , b, Mean volumes of large (>1 60 mm 3 ) and small (<1 50 
mm 3 ) xenografts after treatment with Ad.Egr-TNF and radiation. The 
mean of large tumours at day 0 was 218 ± 14 mm 3 and the mean of 
small tumours was 96 ± 1 2 mm 3 . 



Necrosis in SQ-20B xenografts 

To determine the extent to which necrosis is a component of tu- 
mour control, we analysed histologic sections of SQ-20B 
xenografts treated with two injections of Ad5(null) virus plus 20 
Gy (5 Gy per day for 4 days) or with two injections of Ad.Egr-TNF 
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i Fig. 3 TNF-a immunohistochemistry. Cryosections of the neo- 
plasms were performed 24 hours after injection of 2 x 10 8 PFU 
Ad.Egr-TNF and 5 Gy X-irradiation. Sections were fixed in formalin 
and incubated with goat anti-human TNF-a monoclonal antibody 
followed by secondary antibody (horseradish peroxidase-conjugated 
rabbit anti-goat IgG) and. stained for the presence of TNF-a protein. 
Slides were counterstained with haematoxylin. Shown are tumours 
stained at 24 hours after infection demonstrating TNF staining 
within granules (at X1020 magnification) (a) and tumours excised 
at 48 hours after treatment (b) showing TNF in the tumour intersti- 
< tium (X472 magnification). 



plus 20 Gy. Xenografts treated with both Ad.Egr-TNF and radia- 
tion (Fig. 5a) had necrosis over a mean of 38 ± 8.3% of the 
low-power fields (ten fields counted) within seven days, whereas 
tumours treated with Ad5(null virus) and radiation had necrosis 
over a mean of 1.8 ± 0.97% of the low-power fields (P = 0.007) 
(Fig. Sb). This is supported by recent findings that direct tumour 
cell killing by TNF-a is associated with necrosis 7,9 . 

Toxicity of Egr-TNF combined with radiation 

TNF-a mediated toxicity was evaluated in mice receiving 50 Gy 
and Ad.Egr-TNF. Serum levels of TNF-a were quantified by 
ELISA. No human TNF-a protein could be detected (<8 pg ml" 1 ) 
and there was no weight difference between animals treated 
with Ad5. Egr-TNF and X-irradiation and those receiving either 
treatment alone. No animals died in any of the treatment groups 
throughout the course of the experiment. In spite of mild local 
oedema and fibrosis, no loss of hind-limb mobility and no skin 
desquamation were observed in groups of animals receiving radi- 
ation and Ad.Egr-TNF. The soft tissue toxicity of Ad.Egr-TNF and 
radiation was comparable to that observed in animals receiving 
radiation alone. The minimal local effects of the TNF-a/radiation 
combination are similar to the effects observed in a clinical trial 
combining systemic recombinant TNF-a and radiotherapy 18 . The 
present data suggest that TNF-a production is localized to the tu- 
mour bed resulting in no systemic and only minimal local 
toxicity. Studies of possible long-term effects of TNF-a/radiation 
compared with radiation alone are under way. 

Discussion 

We have used TNF-a as a therapeutic gene for radiation-regulated 
gene therapy because of its direct anti-tumour effect and its inter- 
active killing when combined with ionizing radiation. We 
observed that production of TNF-a in human tumour xenografts 
infected with the Ad.Egr-TNF and treated with radiation enhances 
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Fig. 4 Apoptosis of SQ-20B cells in vitro. SQ-20B tumour cells 
were treated with Ad.Egr-TNF at an MOI of 1 0, followed by 20 
Gy, 24 hours later. At 48 hours after irradiation the presence of 
DNA strand breaks was evaluated. Analysed regions (gated re- 
gions) were set to quantify the number of cells undergoing DNA 
fragmentation, a, Cells treated with 20 Gy alone, b, Cells 
treated with Ad.Egr-TNF alone (MOI TO), c, Cells treated with 
20 Gy and Ad.Egr-TNF (MO1 10). 
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tumour control as compared with radiation alone. These data are 
supported by in vitro studies demonstrating that TNF-a enhances 
rumour cell killing by radiation 13 and in vivo studies showing im- 
proved tumour control 111617 . Unfortunately, a clinical trial 
combining TNF-a and radiation was limited by systemic toxicity 1 *. 
The present work suggests that localized production of TNF-a may 
enhance tumour killing while avoiding systemic toxicity. 

Interactive killing between TNF-a and radiation was associated 
with both apoptosis and necrosis. Although apoptosis has been 
associated with direct tumour cell killing by TNF-a (ref. 9) and ra- 
diation 32 , we found that neither Ad.Egr-TNF, nor radiation alone 
resulted in apoptosis in the SQ-20B tumour cell line, whereas 
only cells receiving both TNF-a and radiation demonstrated 
both DNA fragmentation and membrane blebbing, characteris- 
tics of apoptosis. The apoptosis that we observed in this study 
was reproduced by treating SQ-20B tumour cells in vitro with re- 
combinant TNF-a and radiation, but not by the combination of 
null virus (Ad5) and radiation, confirming that the effect was 
due to TNF-a rather than the vector itself. The apoptosis ob- 
served with concomitant Ad.Egr-TNF and radiation may have 
clinical significance, because Meyn et al showed that murine tu- 
mours exhibiting a large apoptotic fraction following irradiation 
were more likely to be brought under control 32 . 

The inflammatory infiltrate seen in Fig. 5a suggests a further 
possible contribution of immune stimulation by TNF-a. The in- 
flammatory component is consistent with findings observed 
with recombinant TNF-a combined with radiation in vivo il . 
Alternatively, the infiltrate may be due to the presence of the 
Ad5 vector itself, as this vector has been shown to induce IL-8 ex- 
pression, which is a potent inducer of neutrophil infiltration 33 . 
However, SQ-20B xenografts injected with Ad5(null) virus 
demonstrated 36% less infiltration by neutrophils than tumours 
treated with Ad.Egr-TNF, suggesting that the inflammatory com- 
ponent observed in tumours treated with Ad.Egr-TNF was due to 
the presence of TNF-a. 

Gene activation targeted by ionizing radiation is a new con- 
cept for cancer treatment whereby transcription of therapeutic 
genes is localized and regulated by ionizing radiation. The com- 
bination of proteins produced by targeted genes with the 
cytotoxic effect of ionizing radiation may enhance tumour cures 
without a significant increase in local or systemic toxicity. We 
found that radiation-induction of the Egr-TNF construct resulted 
in a ten-fold increase in TNF-a protein levels. The induction of 
TNF-a protein in irradiated tumours, compared with controls at 
21 days, is consistent with our in vitro findings demonstrating an 
increase in Egr-1 expression after irradiation 24 . Temporally frac- 
tionated radiation provides a method for repeated gene 
induction resulting in prolonged, accentuated gene expression. 
The concept of precisely activating gene transcription spatially 
and temporally by use of ionizing radiation may have wider ap- 
plications in gene therapy and cancer treatment. 

Methods 

Growth of human tumour xenografts in vivo. We injected 1 0 6 SQ- 
20B tumour cells into the right hind limbs of nude mice. Xenografts 
were grown for 2-3 weeks, after which time tumours underwent 
spontaneous regression in less than 8% of mice. During treatment, 
tumour volumes were measured with calipers twice weekly and pre- 
sented as per cent of original tumour volume. Tumours were grown 
to a mean volume of 152 mm 3 or 160 mm 5 . Xenografts were in- 
jected with 1 x 1 0 8 to 2 x 1 0 8 PFU of Ad5(null virus) or 2 x 1 0 8 PFU 
of Ad.Egr-TNF (2 per week for 2 weeks). Control tumours were not 
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Fig. 5 Necrosis in SQ-20B xenografts receiving Ad.Egr-TNF and ra- 
diation, a, Tumours treated with Ad.Egr-TNF and X-irradiation 
(5 Cy per day for 4 days) were excised on day 7, embedded in paraf- 
fin, sectioned and stained with haematoxylin and eosin. b, 
Histologic sections of tumour treated with Ad5(null) virus and radia- 
tion (5 Gy per day for 4 days). Methods are as described as in the 
Methods section. 



injected. Irradiated mice were immobilized in lucite chambers and 
the entire body was shielded with lead except for the tumour bear- 
ing hind limb 14 . Tumours were irradiated (5 Gy day 1 , 4 days per 
week) to a total dose of 40 or 50 Gy using a Maxitron generator 
(1 .88 Gy min -1 ). Tumour volumes were calculated by the formula (a 
x b x c/2) which was derived from the formula for an ellipsoid 
(-n-dV6). Both the Ad5(nuil virus) and the Ad.Egr-TNF vector 
(GenVec, Rockville, Maryland) were recombined with a replication- 
deficient adenovirus type 5 (ref. 27). Tumours were treated with ■ 
radiation alone; Ad5(null virus) alone; Ad.Egr-TNF alone; Ad5(null 
virus) combined with radiation; or Ad.Egr-TNF combined with radia- 
tion. Data were calculated as the percent of original (day 0) tumour 
volume and graphed as fractional tumour volume ± s.e.m. The re- 
gression rate of large (>160 mm 3 ) xenografts was compared with 
small (<1 60 mm 3 ) xenografts following treatment with radiation 
alone or Ad.Egr-TNF plus radiation. This tumour volume was se- 
lected because it represents the mean volume of the tumours 
treated with TNF-a. 

TNF-a expression in xenografts. SQ-20B xenografts were grown to 
a mean volume of 148 mm 3 in both hind limbs of nude mice. Each 
tumour was injected once with 2 x 1 0 8 PFU Ad.Egr-TNF 4 hours be- 
forethe first dose of radiation. Tumours in the right hind limbs were 
irradiated with 5 Gy, 4 times each week to a total of 50 Gy. 
Unirradiated tumours in the left limbs of the same mice served as : 
controls. Tumours were excised, placed in tubes and frozen in liquid 
nitrogen. Tumours were then homogenized in 500 ul sodium chlo- j 
ride/Tris buffer, pH 7.5, containing EDTA, dithiothreitol, and j 
protease inhibitors. Homogenization on ice was for 30 s using a ' 
Brinkman Polytron and was followed by four cycles of freezing/thaw- % 
ing. Samples were centrifuged for 5 min at 10,000g and the \ 
supernatant assayed for TNF-a using a Quantikine TNF-a ELISA kit f 
(R&D Systems, Minneapolis, Minnesota). Protein content was deter- 
mined using the Bio-Rad Protein Micro Assay (BioRad, Melville, New j 
York). The Kruskal-Wallis test was used for statistical analysis because \ 
it was determined that the data were not distributed normally 34 . 
TNF-a immunohistochemistry. Tumours were excised and frozen I 
24 hours after a single injection of 2 x 1 0 8 PFU Ad.Egr-TNF and 5 Gy \ 
X-irradiation. Cryosections of the neoplasms were performed and 
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•tissue was fixed in formalin and Incubated with goat anti-human 
if|slF-a monoclonal antibody or normal goat serum at 1 :200 dilution 
Pin PBS. Sections were then incubated with secondary antibody 
'(horseradish peroxidase-conjugated rabbit anti-goat IgC) and 
[stained for the presence of TNF-a protein, using Vector ABC reagent 
•and diaminobenzidine (DAB) (Vector Labs, Burlingame, California). 
Slides were counterstained with haematoxylin and dehydrated, and 
^cover slips were positioned before light microscopic evaluation. 
Histology of SQ-20B xenografts. Tumours infected twice with 
Ad.£gr-TNF or Ad5(null virus) and treated with X-irradiation (5 Cy 
per day for 4 days), were excised on day 7 and fixed in 1 0% neutral 
buffered formalin. Tumours were then trimmed and processed in a 
Tissue Tek II Tissue Processor, embedded in paraffin, sectioned and 
stained with haematoxylin and eosin, and examined for signs of 
; necrosis by light microscopy. 

Terminal transferase quantification of apoptosis. SQ-20B tumour 
cells were treated with Ad.Egr-TNF at a MOI of 10, followed by 
20 Cy 24 hours later. At 48 hours after irradiation, the presence of 
DNA breaks was evaluated by a modification of the nick-end transla- 
tion method for in situ labelling of DNA breaks. Cells were fixed with 
1% buffered methanol-free formaldehyde for 15 min on ice and 
stored in 70% ethanol overnight at -20 °C, rehydrated by washing 
twice in PBS and incubated in TDT buffer (25 mM Tris-HCI, 200 nM 
potassium cacodylate, 5 mM cobalt chloride at pH 6.6), 0.3 unit per 
\i\ terminal deoxynucleotidyl transferase and 3 nM biotin-15-dUTP 
(Boehringer Mannheim Biochemicals, Indianapolis, Indiana) at 37 °C 
for 1 hour. The reaction was stopped by addition of ice-cold PBS and 
the cells were incubated for 30 min at room temperature in the dark 
in 3 solution containing 4x SSC buffer (Sigma), 5 ug ml -1 avidin- 
fluorescein-isothiocyanate (Boehringer Mannheim), 0.1% Triton X- 
100 (vol/vol), and 0.5% nonfat milk. The reaction mixture was 
washed once in ice-cold PBS containing 0.1% Triton X-100 
(vol/vol), and cells were suspended at a concentration of 10 4 cells 
per ml in PBS containing propidium iodide (5 ug ml" 1 ) and 0.1% 
RNase (for 30 min at room temperature). The red (propidium io- 
dide) and green (fluorescein) fluorescence was measured with a 
FACSCAN flow cytometer (Becton Dickinson, San Jose, California), 
and the data were analysed with LYSYS II software (Hewlett Packard, 
Palo Alto, California). Analysis regions (gated regions) were set to 
quantify the number of cells undergoing DNA fragmentation. Cells 
were treated with 20 Gy alone, Ad.Egr-TNF alone (MO1 1 0) or 20 Cy 
and Ad.Egr-TNF (MOI 10). 

Acknowledgements 

We thank Julie Auge for technical assistance. This work was supported by 
the Daniel F. and Ada L. Rice Foundation, the Chicago Tumour Institute, the 
Center for Radiation Therapy, National Cancer Institute grants CA58S08, 
CA4I068 and CA37435, and National Institutes of Health grant 
T32CA09S16. 

RECEIVED 21 APRIL; ACCEPTED 28 JUNE 1 995 

1. Culver, K. & Blaese, R.M. Gene therapy for cancer. Trends Genet 10, 174-178 
(1994). 

2. Anderson, W. Gene therapy for cancer. Hum. Gene Ther. 5, 1-2 (1994). 

3. Takaku, F. Clinical application of cytokines for cancer treatment. Oncology 51, 



123-128 (1994). 

4. Patel, P., Flemming, C, Russell, S., Eccles, S. & Collins, M. Cytokine gene trans- 
fer as a therapeutic strategy. /. Immunother. 14, 310-313 (1993). 

5. Kasahara, N., Dozy, A. & Kan, Y. Tissue-specific targeting of retroviral vectors 
through ligand-receptor interactions. Science 266, 1373-1376 (1994). 

6. Manome, Y., Abe, M., Hagen, M., Fine, H. & Kufe, D. Enhancer sequences of 
the DF3 gene regulate expression of the herpes simplex virus thymidine kinase 
gene. Cancer Res. 54, 5408-5413 (1994). 

7. Old, LJ. Tumour necrosis factor. Science 230, 630-636 (1985). 

8. Larrick, J.W. & Wright, S.C. Cytotoxic mechanism of tumour necrosis factor-a. 
FASEB J. 4, 3215-3223 (1990). 

9. Wright, S. & Larrick, J. Apoptosis and DNA fragmentation precede TNF-induced 
cytolysis in U937 cells. /. cell. Biochem. 48, 344-355 (1992). 

10. Laster, S., Wood, J. & Gooding, L. TNF can induce both apoptic and necrotic 
forms of cell lysis. /. Immim. 141, 2629-2634 (1988). 

11. Sersa, G., Willingham, V. & Milas, L. Anti-tumour effects of tumour necrosis 
factor alone or combined with radiotherapy. Int. /. Cancer 42, 129-134 (1988). 

12. Hallahan, D.E., Spriggs, D.R., Beckett, M. A., Kufe, D.W. & Weichselbaum, R.R. 
Increased tumour necrosis factor alpha mRNA after cellular exposure to ioniz- 
ing radiation. Proc. natn. Acad. Set. U.S.A. 86, 10104-10107 (1989). 

13. Hallahan, D.E., Beckett, M.A., Kufe, D. & Weichselbaum, R.R. The interaction 
between recombinant human tumour necrosis factor and radiation in 13 
human tumour cell lines. Int. f.Rad. One. biol Phys. 19, 69-74 (1990). 

14. Weichselbaum, R. et at. Radiation targeting of gene therapy preferentially ra- 
diosensitizes tumour cells. Cancer Res. 54, 4266-4269 (1994). 

15. Wong, G., McHugh, T., Weber, R. & Goeddel, D. Tumour necrosis factor selec- 
tively sensitizes human immunodeficiency virus-infected cells to heat and radi- 
ation. Proc. natn. Acad. Sci. U.S.A. 88, 4372-4376 (1991). 

16. Gridley, D., Hammond, S. & Liwnicz, B. Tumour necrosis factor-alpha aug- 
ments radiation effects against human colon tumour xenografts. Anticancer Res. 
14,1107-1112(1994). 

17. Huang, P. etal. The effect of combining rhTNF with radiation on tumour con- 
trol of human glioblastoma multiforme xenograft in nude mice. Int. J. Radiot. 
Oncol biol. Phys. (in the press). 

18. Hallahan, D., Weichselbaum, R., Kufe, D. & Vokes, E. Phase I trial of tumour 
necrosis factor combined with radiotherapy. Cancer J. (in the press). 

19. Herrlich, P., Ponta, H. & Rahmsdorf, H. DNA damaged-induced gene expres- 
sion: signal transduction and relation to growth factor signaling. Rev. Physiol. 
Biochem. Pharmacol 119, 187-223 (1992). 

20. Weichselbaum, R.R., Hallahan, D.E. & Chen, G.T.Y. Biological and Physical 
Basis of Radiation Oncology, in Cancer Medicine (eds Holland, J. F. etal.) 539-565 
(Lea and Febiger, Malvern, Pennsylvania, 1993). 

21. Holbrook, N. & Fornace, A. Response to adversity: molecular control of gene ac- 
tivation following genotoxic stress. New Biol 3, 825-833 (1991). 

22. Boothman, D., Bouvard, I. & Hughes, E. Identification and characterization of 
X-ray-induced proteins in human cells. Cancer Res. 49, 2871-2878 (1989). 

23. Hallahan, D. etal Radiation signalling mediated byjun activation following 
dissociation from the Jun inhibitor. /. biol. Chem. 268, 4903-4907 (1993). 

24. Datta, R. etal Ionizing radiation activates transcription of the Egr-1 gene via 
CArG elements. Proc. natn. Acad. Scl U.S.A. 89, 10149-10153 (1992). 

25. Brach, M., Sherman, M., Gunji, H., Weichselbaum, R. & Kufe, D. Ionizing radi- 
ation stimulates NF-kB binding activity in human myeloid leukemia cells. /. 
din. Invest. 88, 691-695 (1991). 

26. Hallahan, D.E. etal Protein kinase-C mediates x-ray inducibility of nuclear sig- 
nal transducers, egr-1 and c-jun. Proc. natn. Acad. Scl U.S.A. 88, 2152-2160 
(1991). 

27. McGrory, Bautista & Graham. A simple technique for the rescue of early region 
I mutations into adenovirus typr 5. Virology 163, 614-617 (1988). 

28. Jones, N. & Shenk, T. Isolation of Ad5 mutants defective for transformation. 
Ce//17, 683-689(1979). 

29. Weichselbaum, R.R., Dahlberg, W. & Little, J.B. Inherently radioresistant cells 
exist in some human tumours. Proc. natn. Acad. Sci. U.S.A. 82, 4732-4735 
(1985). 

30. Kasid, U. etal Effect of anti-sense c-raM on tumourgenicity and radiation sen- 
stivity of a human squamous cell carcinoma. Science 243, 1354-1356 (1989). 

31. Gorcyca, W., Gong, J. & Darzynkiewicz, Z. Detection of DNA strandbreaks in 
individual apoptotic cells by the in situ terminal deoxynucleotidyl transferase 
and nick translation assay. Cancer Res. 53, 1945-1951 (1993). 

32. Meyn, R.E. et al Biochemical modulation of radiation-induced apoptosis in 
\ murine lympohoma cells. Radial Res. 136, 327-334 (1993). 

33. Amin, R., Wilmott, R., Schwartz, Y., Trapnell, B. and Stark, J. Replication-defi- 
cient adenovirus induces expression of interlukin-8 by airway epithelial cells in 
vitro. Hum. Gene Ther. 6, 145-153 (1995). 

34. Kruskal, W.H. & Wallis, W.A. Use of ranks in one-criterion variance analysis. /. 
Am. Stat. Assoc. 47, 583-621 (1952). 



NATURE MEDICINE, VOLUME 1, NUMBER 8, AUGUST 1995 



791 



Exhibit D 



Tumor Necrosis Factors: Gene Structure and 

Biological Activities 

D V Goeddel, B.B. Aggarwal, RW. Gray, D.W. Leung, G.E. Nedwin, M.A. Palladino,* 
J.S. Patton,* D. Pennica, H.M. Shepard,* B.J. Sugarman,* and G.H.W. Wong 

Departments of Molecular Biology and * Pharmacological Sciences, Genentech, Inc., 

South San Francisco, California 94080 



Tumor necrosis factor (TNF) is the name given to a 
serum-derived factor that is cytotoxic for many trans- 
formed cell lines in vitro and causes the necrosis of cer- 
tain tumors in vivo (Carswell et al. 1975). The name 
lymphotoxin was proposed in 1968 for a factor with 
similar biological properties that is synthesized by mi- 
togen-stimuiated lymphocytes (Granger and Kolb 1968; 
Ruddle and Waksman 1968). Both of these activities 
are now known to correspond to distinct proteins. 
Many other proteins with cytotoxic activities have been 
described and given a variety of names; however, 
whether any of these activities can be attributed to cy- 
tokines distinct from TNF and lymphotoxin is still not 
clear. On the basis of structural homology and similar- 
ity in biological function, the names TNF-a and TNF- 
0 have been given to TNF and lymphotoxin, respec- 
tively. Reviews on the current status of research on 
TNF-a (Old 1985; Pennica and Goeddel 1986) and 
TNF-/3 (Gray 1986) have appeared recently. 



TNF Protein and cDNA Structure 

Both TNF-a and TNF-/3 are assayed by measuring 
cytotoxic activity on actinomycin-D-treated L-M cells, 
a sensitive clone of murine L929 fibroblasts (Kramer 
and Carver 1986). The biochemical characterization of 
the TNFs was greatly aided by the identification of cell 
lines capable of producing these cytokines after expo- 
sure to phorbol myristate acetate (PMA). TNF-a and 
TNF-/3 were found to be produced by the human pro- 
myelocyte cell line HL-60 (Pennica et al. 1984) and the 
human lymphoblastoid cell line RPMI 1788 (Aggarwal 
et al. 1984), respectively. Both proteins were purified 
to homogeneity by Aggarwal et al. (1984, 1985b,c). 
Amino acid sequence analysis of the purified cytokines 
permitted the design of synthetic DNA hybridization 
probes that were used to screen the appropriate cDNA 
libraries. Cloned cDNAs corresponding to human TNF- 
a (Pennica et al. 1984) and TNF-/3 (Gray et al. 1984)- 
were isolated and characterized. 

On the basis of sequence analysis of cloned cDNAs, 
human TNF-a mRNA was shown to encode a precur- 
sor protein of 233 amino acids (Pennica et al. 1984). 
Amino-terminal sequence analysis of natural TNF-a 



(Aggarwal et al.- 1985c) demonstrated that the mature 
protein of 157 amino acids is preceded by a 76-amino- 
acid signal sequence involved in protein secretion. The 
calculated monomeric molecular weight of 17,356 
agrees with the value determined experimentally by 
SDS-PAGE under reducing conditions. The two cys- 
teine residues of the mature TNF-a are linked by a di- 
sulfide bridge that is essential for cytotoxic activity 
(Aggarwal et al. 1985c). 

TNF-/3 mRNA contains an open reading frame of 
205 codons, the first 34 of which constitute a secretion 
signal sequence. Native TNF-0 isolated from the RPMI 
1788 cell line is a glycoprotein that exists in two forms 
(20 kD, 148 amino acids, and 25 kD, 171 amino acids) 
differing by 23 amino acids at their amino termini (Ag- 
garwal et al. 1985b). Unlike TNF-a, TNF-/3 does not 
contain any cysteine residues. 

A comparison of TNF-a and TNF-0 reveals a high 
degree of amino acid sequence homology. If two gaps 
are introduced, the sequences can be aligned so that 44 
amino acids (28 ^o) occur in identical positions (Fig. 1). 
The introduction of two additional gaps permits the 
alignment of nine more amino acids (34<7o overall ho- 
mology; Aggarwal et al. 1985c). It is likely that the two 
highly conserved regions (amino acids 35-66 and 
110-133; TNF-a numbering) are important for the sim- 
ilar cytotoxic activities of the two molecules and/or the 
recognition of the TNF receptor. Interesting differ- 
ences between the two proteins are found in the amino- 
terminal portion and in the region from amino acids 
67 to 109 (TNF-a numbering), where there are only two 
identical residues. 

Expression plasmids were constructed that direct the 
synthesis in Escherichia coli of mature recombinant 
human TNF-a (Pennica et al. 1984) and TNF-0 (Gray 
et al. 1984). Both recombinant products have been pu- 
rified to homogeneity free of contaminating lipopoly- 
saccharide (LPS or endotoxin). Specific activities of 
approximately 10 8 U/mg were determined for both 
TNFs in the L-M cell in vitro cytotoxic assay. 

The amino acid sequences of TNF-a (murine, rabbit, 
and bovine) and TNF-0 (murine and bovine) from other 
species have been deduced by cDNA and genomic DNA 
sequencing. These amino acid sequences are compared 
in Figures 2 and 3. The high degree of amino acid con- 
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Figure 1. Comparison of the amino acid sequences of TNF-a and tnf et TW u 
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servation among the various TNF-a and TNF-/3 se- 
quences is not surprising in view of the cross-species 
activities observed for these proteins (Pennica et al 
1985). 



TNF Gene Structure 

TNF-a and TNF-/? are homologous cytokines that 
share many biological properties, yet are produced by 



distinct cell types. To understand more precisely their 
differential regulation, we compared the structure and 
organization of the human TNF genes (Nedwin et al 
1985). Human TNF-a and TNF-0 were found to each 
be encoded by a single gene. Furthermore, both genes 
are about 3 kbp in size and are split by three introns. 
However, only the third intron is located in a homolo- 
gous position in the two genes (preceding amino acids 
18 and 35 of TNF-a and TNF-/3, respectively; see Fig. 
1). Only the fourth exons, which encode the majority 
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MSTESMIRDVELAEEALPKKTGGPQGSRRCLFLSLFSFLIVAGATTLFCLLHFGVIGPQR 
MSTKSMIRDVELAEEVLSEKAGGPQGSRSCLCLSLFSFLLVAGATTLFCLLHFGVIGPOR 
MSTESMIROVELAEGPLPKKAGGPQGSKRCLCLSLFSFLLVAGATTLFCLLHFRVIGPQE 
MSTESMIROVELAEEALPQKMGGFQNSRRCLCLSLFSFLLVAGATTLFCLLNFGVIGPOR 
MST SMIROVELAE L K GG Q S CL LSLFSFL VAGATTLFCLL F VIGPQ 

1 

EEF-PRDLSLISPLAQA — VRSSSRTPSDKPVAHVVANPQAEGQLQWLNRRANALLANGV 
EEQVPSGPSINSPLVQ — TLRSSSQASSNKPVAHVVADINSPGQLRWWDSYANALMANGV 
EEQSPNNLHLVNPVAQMVTLRSASRALSOKPLAHVVANPQVEGQLQWLSQRANALLANGM 
DEKFPNGLPLISSMAQTLTLRSSSQNSSDKPVAHVVANHQVEEQLEWLSQRANALLANGM 
E p Q RS S S KP AHVVA QL W ANAL ANG 

ELRDNQLVVPSEGLYLIYSQVLFKGQGCPSTHVLLTHTISRIAVSYQTKVNLLSAIKSPC 

KLEDNQLVVPAEGLYLIYSQVLFRGQGCP-PPPVLTHTISRIAVSYQTKVNILSAIKSPC 
KLTDNQLVVPADGLYLIYSQVLFSGQGCR-SYVLLTHTVSRFAVSYPNKVNLLSAIKSPC 

DLKONQLVVPADGLYLVYSQVLFKGQGCP-DYVLLTHTVSRFAISYQEKVNLLSAVKSPC 
L DNQLVVP GLYL YSQVLF GQGC LTHT SR A SY KVN LSA KSPC 

QRETPEGAEAKPWYEPI YLGGVFQLEKGDRLSAEINRPDYLDFAESGQVYFGI IAL 157 

HRETPEWAEAKPWYEPIYQGGVFQLEKGDRLSAEINLPDYLDYAESGQVYFGIIAL 156 

HRETPEEAEPMAWYEPIYLGGVFQLEKGDRLSTEVNQPEYLDLAESGQVYFGIIAL 156 

PKDTPEGAELKPWYEPIYLGGVFQLEKGDQLSAEVNLPKYLDFAESGQVYFGVIAL 156 
TPE AE WYEPIY GGVFQLEKGD LS E N P YLO AESGQVYPG IAL 

fi!« e 2 " J Amino acid sequences of human (Pennica et al. 1984), bovine (D. Goeddel et al., unpubl.), rabbit (Itoh and Wallace 
1985), and murine (Pennica et al. 1985) TNF-a. (-79 to -1) Amino acids of the signal sequences. "Consensus" indicates 
residues that are identical in all four sequences. 
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of the mature proteins, have significant DNA sequence 
homology (56%). 

The human TNF genes were localized to the p23-»ql2 
region of chromosome 6 through Southern blot analy- 
sis of human-murine somatic-cell hybrids (Nedwin et 
al. 1985). We have recently shown that the two genes 



are very closely linked; the polyadenylation site of the 
TNF-0 gene is separated from the transcription-initia- 
tion site of the TNF-a gene by only 1221 bp. Both have 
the same orientation with respect to the direction of 
transcription. The regions immediately flanking the 
two genes are extremely homologous in the human, 
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MTPPERLFLPRVCGTTLHLLLLGLLLVLLPGAQGLPGVGLTPSAAQTARQHPKMHLAHST 
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Human 27 

Bovine 27 

Mouse 25 
Consensus 



Human 87 

Bovine 87 
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Consensus 



LKPAAHLIGDPSKQNSLLWRANTDRAFLQDGFSLSNNSLLVPTSGIYFVYSQVVFSGKAY 

LKPAAHLVGDPSTQDSLRWRANTDRAFLRHGFSLSNNSLLVPTSGLYFVYSQVVFSGRGC 
LKPAAHLVGYPSKQNSLLWRASTDRAFLRHGFSLSNNSLLIPTSGLYFVYSQVVFSGESC 
LKPAAHL G PS Q SL WRA TDRAFL GFSLSNNSLL PTSG YFVYSQVVFSG 

SPKATSSPLYLAHEVQLFSSQYPFHVPLLSSQKMVYPGLQEPWLHSMYHGAAFQLTQGDQ 
FPRATPTPLYLAHEVQLFSPQYPFHVPLLSAQKSVCPGPQGPWVRSVYQGAVFLLTRGDO 
SPRAIPTPIYLAHEVQLFSSQYPFHVPLLSAQKSVYPGLQGPWVRSMYQGAVFLLSKGDQ 
P A P YLAHEVQLFS QYPFHVPLLS QK V PG Q PW S Y GA F L GDQ 



Human 147 

Bovine 147 

Mouse 145 
Consensus 



LSTHTDGIPHLVLSPSTVFFGAFAL 
LSTHTDGISHLLLSPSSVFFGAFAL 
LSTHTDGISHLHFSPSSVFFGAFAL 
LSTHTDGI HL SPS VFFGAFAL 



171 
171 
169 



Figure 3. Amino acid sequences of human (Gray et al. 1984), bovine (D. Goeddel et al., unpubl.), and murine (P.W. Gray, 
unpubl.) TNF-0. (- 34 to - 1) Amino acids of the signal sequences. "Consensus" indicates the residues that are identical in all 
three sequences. 
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murine, and bovine genomes (D.V. Goeddel et al., un- 
publ.). 



Regulation of TNF-a and TNF-/3 Synthesis 

TNF-a and TNF-/3 are produced by activated mac- 
rophages (Cars well et al. 1975) and lymphocytes (Gran- 
ger and Kolb 1968; Ruddle and Waksman 1968), re- 
spectively (Stone-Wolff et al. 1984). We have examined 
the inducibility of both TNF-a and TNF-0 by mitogens 
on 30 different cell lines representing many cell types. 
As TNF-a and TNF-0 behave similarly in the L-M cell 
cytotoxic assay, they were distinguished by neutraliza- 
tion of activity with the corresponding monoclonal 
antibodies. Northern blot analysis using TNF-a and 
TNF-0 cDNA probes was also performed to determine 
which TNF was expressed. 

Although normal T lymphocytes have been reported 
to be the cellular source of TNF-/3 (Ruddle et al. 1983), 
we have not detected any TNF activity after exposure 
to the mitogen PMA using two human T-cell lines 
(Molt-4 and Jurkat). However, all six B lymphoblastoid 
cell lines examined produced high levels of TNF-/?. 
Similar results were seen by Williamson et al. (1983), 
but they did not distinguish TNF-a and TNF-0 activi- 
ties. 

The majority of the human and murine macrophage 
cell lines tested (including HL-60, U937, PU5-1.8, RAW 
264, P388D,, J774, and WRI-7) produce TNF-a but not 
TNF-/? when stimulated with mitogens. This result was 
confirmed by Northern blot hybridization with the 
TNF-a and TNF-0 cDNA probes. Other cell types, such 
as normal endothelial cells, rat glial cells (C6), In- 
dependent normal bone-marrow-derived mast cells, and 
a mast cell line (Al) are capable of producing TNF-a 
but not TNF-/?. Most nonlymphoid cell lines (including 
HeLa, A549, T24, WI38, K562, ME-180, HT-29, MCF, 
SKCO-1, A-431, HT1080, 7860, NRK, Rat-1, and C127) 
do not produce TNFs in the presence or absence of the 
mitogen. 

The expression of both TNF-a and TNF-/3 mRNAs 
is transient even in the presence of continuous mito- 
genic stimuli. TNF-a mRNA in murine macrophage 
PU5-1.8 cells is detectable 1 hour after induction with 
PMA, is highest at approximately 2-4 hours, and be- 
comes undetectable by 12 hours. In contrast, TNF-/? 
mRNA in the B lymphoblastoid ceHline 1788 begins to 
increase at 4 hours, reaches its maximal level at 12-24 
hours, and decreases to the basal level after 48 hours. 
Thus, induction of TNF-a is faster than induction of 
TNF-/?. 

The effect of physiological mediators or cytokines 
on the expression of TNF was also examined. Gluco- 
corticoids, known to be immunosuppressive agents 
(Claman 1972; Vischer 1972), have been shown to in- 
hibit la antigen expression (Wong et al. 1984) and Iym- 
phokine production (Arya et al. 1984; Culpepper and 
Lee 1985). We found that the glucocorticoid dexameth- 
asone inhibited TNF-a mRNA expression in HL-60 
cells (Fig. 4). Similar results were obtained by Beutler 
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Figure 4. Regulation of TNF-a mRNA levels in HL-60 cells. 

HL-60 cells (5 x 10 6 cells/ml) were treated with PMA (50 ng/ 

ml) in the presence or absence of dexamethasone (Dex) 
(5 x 10-' M)j PGE2 (50 ng/ml)> pGAa (5Q ng/ml)> cydohex . 

lmide (1 /ig/ml), interleukin-1 (100 U/ml), and LPS (10 ng/ 
ml). After 3 hr, total RNA was extracted, poly(A) RNA was 
prepared, and Northern hybridization was performed as de- 
scribed previously (Thomas 1980). Each lane contained about 
1 fig of poly(A) RNA. Hybridization was performed using a 
32 P-Iabeled TNF-a cDNA probe. 



et al. (1986) using murine macrophages. Other gluco- 
corticoids (prenisolone, hydrocortisone, and corticos- 
terone), but not sex steroids (testosterone, estrogen, 
and progesterone), inhibited the production of TNF-a 
in macrophage cell lines (HL-60, U937, PU5-1.8) and 
TNF-/? in B lymphoid cells (RPMI 1788, IM9). 

Prostaglandin E (PGE), which is an important mod- 
ulator of inflammation and cellular immune responses 
(Goodwin and Webb 1980), also down-regulates the 
expression of TNF-a mRNA in HL-60 cells (Fig. 4), 
whereas prostaglandin Aa or Fa had no inhibitory ef- 
fect. Similar inhibitory effects of PGE, and PGE 2 on 
the expression of TNF-a by other macrophage cell lines 
(U937, PU5-1.8, RAW 264, P388D,, and J774) were 
observed. Indomethacin, a cyclooxygenase inhibitor 
(Sheen and Winter 1977), enhances the production of 
TNFs in both macrophages and B lymphoid cells. Sur- 
prisingly, PGE, or PGE 2 does not suppress the produc- 
tion of TNF-0 mRNA or biological activity in two B 
lymphoid cell lines (RPMI 1788 and IM9). It will be of 
interest to examine how the differential expression of 
TNF-a and TNF-/3 is regulated by PGEs. 

The protein synthesis inhibitor cycloheximide fur- 
ther enhances the accumulation of both TNF-a (Fig. 4) 
and TNF-/3 mRNAs induced by PMA. The production 
of TNFs by macrophages and lymphoid cells can also 
be enhanced by the lymphokine interferon-7 (IFN-7). 

Normally, LPS alone does not induce TNF-0 in 1788 
or IM9 cells. However, LPS in combination with PMA 
gave at least a tenfold greater increase in both TNF-/3 
mRNA and biological activity than did PMA alone. 
Similarly, the induction of TNF-a mRNA in HL-60 
cells by the combination is greater than by either in- 
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duction alone (Fig. 4). These results demonstrate that 
two different mitogens can synergistically induce the 
expression of both TNF-a and TNF-/3 genes. The reg- 
ulation of the TNF genes by glucocorticoids, prosta- 
glandins, cycloheximide, IFN-7, and different mito- 
gens observed in cell lines was similarly observed in 
normal human peripheral blood leukocytes. In addi- 
tion to bacterial LPS and the mitogen PMA, both vi- 
ruses and poly(I):poly(C) can induce the synthesis of 
TNF-a and TNF-0 in TNF-producing cell lines and 
normal human leukocytes (Aderka et al. 1986; G. Wong 
and D. Goeddel, in prep.). 

Antitumor Properties of TNFs 

TNF is a term that was initially used to describe an 
activity present in the serum of bacillus Calmette- 
Guerin-infected endotoxin-treated mice that induced 
the hemorrhagic necrosis of certain transplantable tu- 
mors in inbred mice (Cars well et al. 1975). We have uti- 
lized this classic assay to compare further the ability of 
TNF-a and TNF-0 to induce necrosis of an established 
Meth-A sarcoma intradermal implant in (BALB/ 
cxC57BL/6)F, mice. Intravenous injection of 1-50 /ig 
of either recombinant human TNF-a (r-hTNF-a) or 
r-hTNF-/3 induced significant degrees of hemorrhagic 
necrosis 24 hours after injection (Table 1). We have 
previously reported similar antitumor activity follow- 
ing intraperitoneal, intralesional, and intramuscular 
injections of TNF-a and TNF-0 (Gray et al. 1984; Pen- 
nica et al. 1984). 

Additional experiments were performed to charac- 
terize the in vivo antitumor activities of TNF-a against 
two subcutaneously implanted, chemically induced 
sarcomas of BALB/c origin (WEHI-164 and Meth A). 
Intravenous treatment with TNF-a significantly inhib- 
ited the growth of both sarcomas (Table 2). However, 
there were no complete remissions in the WEHI-164 



group and only one of ten animals in the Meth-A group 
completely rejected the tumor after TNF-a treatment. 
The site of tumor implantation appears to be a critical 
factor for the demonstration of antitumor activities of 
TNF-a against transplantable sarcomas, since Meth A 
and M5076 (a spontaneously arising ovarian sarcoma 
of C57BL/6 origin) implanted intraperitoneal^ are al- 
most completely refractory to the antitumor effects of 
TNF-a (M.A. Palladino, unpubl.). In contrast, treat- 
ment of the Meth-A tumor implanted intradermal^ re- 
sults in a cure rate of almost 100%. 

We have previously reported the ability of both TNF- 
a and TNF-/? to augment superoxide radical produc- 
tion, antibody-dependent cellular cytotoxicity, and 
phagocytosis by neutrophils (Shalaby et al. 1985). The 
role of neutrophils in host defense responses is well es- 
tablished, and they have been shown, to release acti- 
vated oxygen intermediates (Babior 1978) and interleu- 
kin-1 (Tiku et al. 1986). Other studies have shown that 
neutrophils can mediate endothelial damage in vitro 
and that TNF-a can directly stimulate endothelial cells 
to produce procoagulant activity (Harlan et al. 1981; 
Nawroth and Stern 1986). It is therefore quite possible 
that the association between changes in neutrophil 
functions and endothelial cell homeostatic properties 
mediates the antitumor activities of TNF in vivo (Pen- 
nica et al. 1986). This hypothesis is supported by the 
fact that intraperitoneal^ implanted Meth A is refrac- 
tory to the antitumor effects of TNF-a, whereas intra- 
dermal^ implanted Meth A is highly sensitive. Studies 
directed at addressing this hypothesis further are in 
progress and may give greater insight into the in vivo 
antitumor mechanisms of TNF 

In Vitro Growth Activities of TNFs 

TNF-a and TNF-0 have been shown to have compa- 
rable cytostatic and cytolytic properties in vitro (Ag- 



Table 1. Necrosis of Meth-A Sarcoma after Intravenous Injection of 
r-hTNF-a or r-hTNF-ff 

Percentage of 

Intravenous Dose Hemorrhagic necrosis score mice wUh 

treatment (jig) + + + + + + - >2SVo necrosis 



PBS 




0 


0 


2 


18 


0 


r-hTNF-a 


50 


15 


3 


1 


0 


95 




15 


13 


6 


1 


0 


95 




5 


13 


5 


0 


1 


95 




1 


3 


7 


7 


3 


50 


r-hTNF-0 


50 


14 


1 


4 


1 


75 




15 


15 


2 


2 


1 


85 




5 


11 


5 


2 


2 


80 




1 


4 


- 6 


6 


4 


50 



(BALB/c X C57BL/6)Fi female mice were injected intradermally with 5 X 10 5 
Meth-A sarcoma cells. After 7 days (average tumor diameter 0.75 cm), TNF 
was injected intravenously in 0.1 ml PBS; 24 hr later, the tumors were excised, 
sectioned, and scored as described previously (Carswell et al. 1975; Pennica et 
al. 1984).. + + + represents between 50% and 75<K> of tumor mass necrotic; 
+ + represents between 25<7o and 50% of tumor mass necrotic; + represents 
less than 25°7o of tumor mass necrotic; - represents no visible necrosis. 
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Table 2. Antitumor Effects of r-hTNF-a against 
Subcutaneously Implanted Sarcomas 





Intravenous 


Tumor size (mm) on days 




Sarcoma 


treatment 


7 


14 


21 


p Value 


Meth A 


PBS 


2.6 


7.1 


15.1 






r-hTNF-a 


4.3 


4.3 


7.6 


<0.01 


WEHI-164 


PBS 


12.4 


- 25.2 


34.9 




r-hTNF-a 


9.3 


14.3 


22.9 


<0.01 



r-hTNF-a was administered daily from day 7 to day 18 for Meth A and from day 
5 to day 12 for WEHI-164 at a dose of 25 /*g/day and 15 jtg/day, respectively. There 
were 10 animals per group. 



garwal et al. 1984, 1985b,c). In addition, IFN-7 can po- 
tentiate the antiproliferative effects of both cytokines 
on certain tumor cell lines (Williams and Bellanti 1983; 
Williamson et al. 1983; Lee et al. 1984; Stone-Wolff et 
al. 1984; Sugarman et al. 1985). Subsequent experi- 
ments using recombinant TNF-a and TNF-/J demon- 
strated that they compete for the same binding sites on 
tumor cells, which probably accounts for their similar 
effects on tumor cell growth in vitro (Aggarwal et al 
1985a). 

A number of studies characterizing the effects of- 
TNF-a or TNF-jS on the proliferation of various cell 
lines have been reported (Williamson et al. 1983; Lee 
et al. 1984; Kull et al. 1985; Sugarman et al. 1985; Rug- 
giero et al. 1986). Initial results indicated that cell lines 
can be subdivided into three categories on the basis of 
their response to TNF-a: (1) a cytostatic or cytolytic 
effect, (2) little or no antiproliferative effect, and (3) 
enhanced growth (Table 3). Furthermore, addition of 
exogenous growth factors can either inhibit the anti- 
proliferative response or enhance the growth-promot- 
ing effect of TNF-a (Vilcek et al. 1986; B.J. Sugarman 
et al., unpubl.). More recent results have shown that 
tumor cells sensitive to the cytotoxic effects of TNF-a 
are actually growth stimulated at relatively low concen- 
trations of TNF-a (G. Lewis et al., unpubl.). 

Approximately 40% of the established tumor cell 
lines are sensitive to the antiproliferative effects of 
TNF-a (Sugarman et al. 1985). Cells such as L929, 
WEHI 164, and UV1591-RE are extremely susceptible 
to TNF-a-mediated cytotoxicity (i.e., < 10 U/ml re- 
duces cell viability by 50<7o), whereas a similar decrease 
in the viability of the most sensitive human cell lines 
(e.g., ME-180 and BT-20) requires a tenfold greater 
concentration of. TNF-a. IFN-7 can enhance the cyto- 
toxic effects of TNF-a on some TNF-sensitive cell types 
(e.g., ME-180 and BT-20) as well as cell lines that are 
insensitive to its antiproliferative effects (e.g., A549, 
B16F10, Saos-2, and WI38 VA13) (Sugarman et al. 1985, 
unpubl.). However, treatment of tumor cells with both 
IFN-7 and TNF-a does not always result in an en- 
hanced cytotoxic response; no synergistic antiprolifer- 
ative response is seen on T24 bladder carcinoma, Calu- 
3 lung carcinoma, or RPMI 7272 melanoma cell lines, 
which are all refractory to the cytotoxic effects of TNF- 
a alone (Sugarman et al. 1985; Tsujimoto et al. 1986). 

The response of normal fibroblasts to treatment with 



TNF-a in vitro is completely different from that of 
other cell lines. Their growth is stimulated in the pres- 
ence of picomolar concentrations of TNF-a (Sugarman 
et al. 1985; Vilcek et al. 1986). An antibody that neu- 
tralizes the cytotoxic effects of TNF-a on tumor cells 
abrogates TNF-a-induced proliferation of normal fi- 
broblasts (Sugarman et al. 1985). IFN-7 interferes with 
TNF-a-induced growth of normal fibroblasts in a dose- 
dependent manner (Sugarman et ah 1985; Vilcek et al. 
1986). This TNF-a-induced fibroblast proliferation can 
also be augmented by exogenously added factors. In- 
sulin and platelet-derived growth factor enhance the 
proliferation of NRK-49F fibroblasts (G. Lewis et al., 
unpubl.). 

It is not clear how TNF-a can stimulate the growth 
of certain cell lines while inhibiting the growth of oth- 
ers. Variations in the proliferative responses induced by 
TNF-a are not necessarily due to differences in the 
number of binding sites per cell or their affinity for 
TNF-a (Kull et al. 1985; Sugarman et al. 1985; Tsuji- 
moto et al. 1986). The ability of TNFs to both stimu- 
late, and interfere with cell proliferation is similar to 
transforming growth factor-/?, a distinct growth fac- 
tor/inhibitor (Tucker et al. 1984; Roberts et al. 1985), 
and may be characteristic of proteins involved in hom- 
eostatic regulatory mechanisms. 

Antiviral Properties of TNFs 

In response to viral infection in vivo, interferons 
(IFNs) are secreted and induce a state of viral resis- 
tance in noninfected cells (Stewart 1981). TNF-a and 
TNF-/? also have antiviral activity on some cells and 
antiviral enhancing activity on most cells tested. 

TNF-a and TNF-0 inhibit the cytopathic effects of 
vesicular stomatitis virus (VSV) in murine epithelial 
cells (C127) and rat fibroblasts (Rat-1). In addition to 
inhibition of the VSV-mediated cytopathic effect, TNF- 
a and TNF-0 also dramatically decrease the VSV yield 
in these cells (Fig. 5). This antiviral activity is dose- 
dependent and is neutralized by respective monoclonal 
antibodies against human TNF-a and TNF-/3. The an- 
tiviral activity of TNFs is not caused by the induction 
of IFNs from these cells, since the antiviral activity is 
not abolished by polyclonal or monoclonal antibodies 
against IFN-a, -/?, or -7. The antiviral effects of TNF- 
a and TNF-0 are also observed with encephalomyocar- 
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Table 3. Response of Various Cell Lines to TNF-a or TNF-0 In Vitro 



Growth Enhancement 

CCD-I8C0 (normal human colon) 
Detroit 551 (normal human fetal skin) 
FS-4 (normal human foreskin) 
FS-48 (normal human foreskin) 
LL24 (normal human lung) 
NRK-49F (normal rat kidney) 
Osteoclasts 

WI38 (normal human fetal lung) 
WI-1003 (normal human lung) 

Null response 
A549 (human lung carcinoma) 
B16 (murine melanoma) 
B16F10 (murine melanoma) 
Calu-3 (human lung carcinoma) 
CMT-93 (murine rectal carcinoma) 
G-361 (human melanoma) 
HeLa (human cervical carcinoma) 
HeLa D98 (human cervical carcinoma) 
HT-29 (human colon carcinoma) 
HT1080 (human fibrosarcoma) 
KB (human oral epidermoid carcinoma) 
LS174T (human colon carcinoma) 
RD (human rhabdosarcoma) 
Saos-2 (human osteogenic sarcoma) 
SK-CO-1 (human colon carcinoma) 
SK-LU-1 (human lung carcinoma) 
SK-OV-3 (human ovarian carcinoma) 
SK-UT-1 (human uterine carcinoma) 
S49 (murine lymphoma) 
T24 (human bladder carcinoma) 
WI38 VA13 (human transformed WI38) 

Antiproliferative response 

BT-20 (human breast carcinoma) 
BT-475 (human breast carcinoma) 
B6MS2 (murine sarcoma) 
B6MS5 (murine sarcoma) 
CMS4 (murine sarcoma) 
CMS 16 (murine sarcoma) 
L929 (murine fibroblast) 
MCF7 (human breast carcinoma) 
ME-180 (human cervical carcinoma) 
Meth A (murine sarcoma) 
MMT (murine breast carcinoma) 
SAC (Moloney-transformed murine 3T3) 
SK-MEL-109 (human melanoma) 
SK-OV-4 (human ovarian carcinoma) 
UV1591-RE (murine fibrosarcoma) 
WEHI-164 (murine sarcoma) 
WiDr (human colon carcinoma) 



Sugarman et al. (1985) 

Sugarman et al. (1985) 

Vilcek et al. (1986) 

Kohase et al. (1986) 

Sugarman et al. (1985) 

CD. Lewis et al. (in prep.) 

Bertolini et al. (1986) 

Lee et al. (1984); Sugarman et al. (1985) 

Sugarman et al. (1985) 



Sugarman et al. (1985) 
Leeetal. (1984) . . 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Ruggieroetal. (1986) 

Ruggiero et al. (1986); Tsujimoto et al. (1986) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Lee et al. (1984); Sugarman et al. (1985) 



Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Sugarman et 
Urban et al. 
Sugarman et 
Sugarman et 



al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
al. (1985) 
(1986) 
al. (1985) 
al. (1985) 



ditis (EMCV) and herpes simplex virus types 1 and 2 
(HSV-1 and HSV-2). Coincubation with the RNA syn- 
thesis inhibitor actinomycin D (1 jig/ml) or the protein 
synthesis inhibitor cycloheximide (1 /ig/ml) abolishes 
the antiviral activity of TNFs. A 24-hour preincubation 
with TNF provides complete protection against VSV in 
C127 cells. The antiviral activity of TNF is also ob- 
served in human renal carcinoma 7860, lymphoid 
RPMI 8226, and murine macrophage RAW 264 cell 
lines. Human TNFs exhibit antiviral activity on some 
murine cell lines, and murine TNF-a also protects some 
human cells from viral infection. This suggests that the 
antiviral activity of TNF-a and TNF-0 is not species- 
specific. 



TNF-a or TNF-0 alone protects against viral infec- 
tion in some cell lines but is inactive in most cells. 
However, they enhance the antiviral activity of IFN-a, 
and -7 on a variety of cell types tested. An example 
of their synergistic antiviral action using EMCV and 
the human lung carcinoma A549 cell line is shown in 
Figure 6. Similarly, the activity of bovine IFN-7 against 
VSV in bovine MDBK ceils is also enhanced by human 
TNF-a or TNF-0. 

Although IFN-7 is active in protecting most cells 
from VSV infection, 1 fig/m\ (10 5 units in the EMCV 
assay) of human IFN-7 has no detectable activity 
against VSV in the A549 cell line. However, IFN-7 is 
effective in protecting against VSV infection in the 
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Figure 5. TNF-a and TNF-/3 inhibit VSV yield in murine C127 (A) and RaM (B) cells. The cells were grown to confluency in 
24-well plates and then treated wtih the indicated concentrations of TNF-a or TNF-0 for 24 hr. The medium was removed before 
challenging with VSV at a multiplicity of infection (m.o.i.) of 10. Two hours later, the supernatants were aspirated to remove 
excess virus. After 24 hr, the cultures were assayed for virus yield in terms of plaque-forming units per milliliter on A549 cells 
(Rager-Zisman and Merigan 1973). 



presence of TNF-a or TNF-0, although IFNs alone 
have no activity in these cells. As little as 1 ng/ml of 
IFN-7 and either.TNF-a or TNF-0 gave complete pro- 
tection. Furthermore, this combination strongly inhib- 
its the replication in A549 cells of the DNA viruses ad- 
enovirus-2, HSV-1, and HSV-2. IFN-7 alone is relatively 
ineffective. TNFs also enhance the antiviral activity 
of IFN-a and IFN-0, although to a lesser extent than 
IFN- 7 . 

TNF-a or TNF-0 also enhances the antiviral activity 
of IFN-7 on a Variety of transformed and normal cell 
lines. These include transformed cell lines of human 
(HeLa cervical carcinoma, HT1080 fibrosarcoma, 7860 
renal carcinoma, T24 bladder carcinoma, HT-29 colon 
carcinoma, ST-486 Burkitt lymphoma, RPMI 8226 
myeloma, and U87MG glioblastoma), rat (C6 gli- 
aloma), and murine (C127 epthelialoma and RAW 264 
macrophage) origin, and three normal fibroblast cell 
lines (murine 3T3 and rat NRK and Rat-1). Thus, the 
antiviral potentiating activity of TNF-a or TNF-/3 is 
not virus-, cell-type-, or species-specific. 

In addition to its preventive role against virus infec- 
tion, TNF-a and TNF-0 selectively kill virus-infected 



cells under certain conditions. This killing is enhanced 
by IFN-a, -0, or -7. Thus, one major function of TNFs 
may be to broaden and extend the antiviral activity of 
IFNs by inducing cellular resistance in uninfected cells 
and by selectively destroying virus-infected cells. These 
results have implications for the therapy of the many 
medically important viral diseases caused by DNA and 
RNA viruses. 

Effect of TNFs on HLA-B7 and HLA-DR Expression 

The expression of the major histocompatibility com- 
plex (MHC) is essential for the initiation and regula- 
tion of the immune response. TNFs, like IFNs, can reg- 
ulate the expression of both class I (HLA-B7) and class 
II (HLA-DR) MHC genes. Human bladder carcinoma 
T24 cells express detectable levels of HLA-B7 but not 
HLA-DR/? mRNA. Incubation with TNF-a (0.1 /*g/ml) 
or IFN-7 (0.01 /ig/ml) for 24 hours results in a fivefold 
increase of HLA-B7 but not HLA-DR mRNA. The in- 
duction is greater for the combination of IFN-7 and 
TNF-a than for either cytokine alone. Induction of 
HLA-B7 by IFN-7 is direct because an increase in 
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Figure 6. TNF-a and TNF-/J enhance the antiviral activity of 
IFN-7 in A549 cells. A549 cells were grown to confluency, 
treated with human TNF-a (0.1 /ig/ml), TNF-0 (0.1 ti%/m\)> 
the indicated concentrations of IFN-7, or the combinations 
for 24 hr before challenge with EMCV at a m.o.i. of 1. After 
24 hr, the cytopathic effect was determined by staining the 
cells with crystal violet, and the titer was quantitatively mon- 
itored using a micro-ELISA autoreader. The assay was stand- 
ardized to the International Reference Sample of the National 
Institutes of Health human IFN-7 (Gg 23-901-530). 



HLA-B7 mRNA by IFN-7 can be detected after 4 hours 
of treatment in the presence of cycloheximide. In con- 
trast, the induction of HLA-B7 by TNF-a can be 
blocked by cycloheximide, and the induction can only 
be detected after 12 hours of treatment. These results 
suggest that the induction of HLA-B7 mRNA by TNF- 
a is indirect. It is possible that TNF-a induces the syn- 
thesis of IFNs that cause the increase in HLA-B7 
mRNA. However, the HLA-B7-inducing activity of 
TNF-a in T24 cells cannot be blocked by antibodies 
that neutralize IFN-a, -0, or -7. 

Although TNF-a and IFN* 7 do not induce HLA-DR 
in most cell lines, they do induce HLA-DR0 mRNA in 
two human monocyte-like cell lines: the promyelocytic 
leukemia HL-60 and the histocytic lymphoma U937. 
The class-II-MHC-inducing activity of TNF-a is less 
potent than IFN-7 but is detectable at 24 hours. The 
combination of TNF-a and IFN-7 induces approxi- 
mately tenfold higher levels of the HLA-DR0 mRNA 
in these cells than TNF-a or IFN-7 alone. TNF-jS also 
enhances the expression of both HLA-B7 and HLA- 
DR mRNAs in HL-60 and U937 cells. 



The expression of class I and class II MHC antigens 
has emerged as an essential component for antigen 
presentation in an immune response and in the control 
of tumor growth in vivo (Tanaka et al. 1985). Thus, 
TNFs and IFN-7 may potentiate the immune response 
through the synergistic amplification of MHC gene 
expression on a variety of cell types. 

Catabolic Effects of TNFs 

TNF-a is thought by some to be the agent that causes 
cachexia or wasting in parasite-infected animals (Beu- 
tler and Cerami 1986). However, there is no direct evi- 
dence to support this hypothesis. In cultured adipo- 
cytes, TNF can inhibit the transcription of genes 
encoding enzymes involved in fatty acid uptake and 
lipid synthesis (Torti et al. 1985). This fact, coupled 
with the observation that the serum of wasting animals 
can have elevated lipid levels, has led to the TNF-cach- 
exia theory (Beutler and Cerami 1986). 

When the ability of TNF-a to inhibit lipid anabolism 
in adipocytes is compared with that of other cytokines, 
we found that this property is not unique to TNF-a but 
is instead a general property of many cytokines (Patton 
et al. 1986). In addition to TNF-a and TNF-0, IFN-a, 
IFN-/3, IFN-7, and interleukin-1 appear to inhibit lipid 
anabolism (Keay and Grossberg 1980; Beutler and Cer- 
ami 1985; Patton et al. 1986). Table 4 shows the effect 
of a variety of cytokines on 3 H-labeled acetate uptake 
into lipid by 3T3 LI fibroblasts and adipocytes. Both 
human TNF-a and TNF-/3 act across species bounda- 
ries to inhibit acetate uptake in mouse adipocytes. Mu- 
rine IFN-7 exhibits 90*70 inhibition against mouse adi- 
pocytes, in contrast to human IFN-7, which shows no 
effect. However, 3 H-labeled acetate uptake is inhibited 
by human IFN-a (hybrid IFN-a2/al [BgM]), which 
does exhibit cross-species antiviral activity. Uptake of 
3 H-labeled acetate by undifferentiated adipocytes (3T3 
LI fibroblasts) is also inhibited by the cytokines, al- 
though not as markedly (35-40%) as in the differen- 
tiated cells. Furthermore, these same cytokines inhibit 
lipoprotein lipase activity (the enzyme responsible for 
removing lipid from the serum) and stimulate the re- 
lease of fatty acids into the medium (Patton et al. 1986). 
Thus, the net effect of cytokine action on a fat cell is 
catabolic; fat uptake and synthesis are inhibited and 
fat mobilization is stimulated (a situation that arises 
during starvation). 

The short-term in vivo catabolic effect of cytokines 
is to mobilize fat into the circulation for utilization by 
the immune system (Beutler and Cerami 1986). If the 
infection becomes chronic, wasting ensues. Although 
exudates from endotoxin-stimulated macrophages have 
been reported to cause dose-dependent wasting in mice 
when injected over a period of days (Cerami et al. 
1985), we have been unable to induce wasting in rats 
with repeated injections of highly purified recombi- 
nant human TNF-a. In our experiment, the initial in- 
jections cause a loss of appetite and an increase in 
blood lipids that lasts for about 24 hours. However, 



Table 4. Effect of Cytokines on 3 H-iabeled Acetate Uptake in 3T3 LI 

Adipocytes and Fibroblasts 



Cell type 


Cytokine 


pmoles acetate 
uptake/hr/mg protein 


T 1 Murine 


Control 


53.6±9.7 a 




r-hTNF-a 


4.6 ± 0.6 b 




r-hTNF-cx + r-hTNF-a antibody 57.6 ± 8.9 




r-hTNF-0 


4.0 ± 0.4 b 




r-mIFN-7 


5.3 ±0.4* 




r-hIFN-7 


53.7 ± 7.7 




r-hIFN-a2/a 1 (Bg/l I) 


4.9±0.4 b 


3T3 LI Murine 


Control 


8.0 ±0.5 


Fibroblasts 


r-hTNF-a 


5.2±1.0 C 




r-hTNF-/3 


4.5 ±0.6 d 




r-mIFN-7 


5.2±0.8 C 



Cells were treated with cytokines (~1.5 nM) for 24 hr and then given 3 H-labeled 
acetate for 1 hr. 



a Mean ± s.d. (n = 3). 
b p < 0.0001 relative to control value. 
c p < 0.005 relative to control value. 
d p < 0.025 relative to control value. 



appetite returned and tolerance developed by the sec- 
ond day (J. Patton et al., unpubl.). Comparisons be- 
tween these two experiments are difficult. The fact that 
rapid tolerance to TNF did develop is intriguing and 
we are investigating this further. Another question that 
merits further work is whether or not the cytotoxic ef- 
fect of cytokines on certain cells is simply an expres- 
sion of the same catabolic effects that are seen on fat 
cells. 

The observation that a variety of cytokines can be 
catabolic suggests that release of individual cytokines 
in the animal may be separated in location and time. 
Perhaps during the multiple phases of host response to 
infection there is a succession of cytokines appearing 
and disappearing in the circulation or at the site of in- 
fection. Alternatively, different infections (e.g., viral, 
microbial, and parasitic) or different tissues subject to 
the same infection may induce a different set of cyto- 
kines. Thus, if energy mobilization is to occur in many 
types of infection or in many sites within the body, it 
is critical that several cytokines with overlapping bio- 
logical function share this host defense activity. 

TNF Receptor Binding Studies 

Both TNF-a- and TNF-0 interact with cells via spe- 
cific cell-surface receptors (Aggarwal et al. 1985a; Hass 
et al. 1985; Sugarman et al. 1985). The binding is both 
time- and temperature-dependent, reaching a maxi- 
mum within 1 hour at 37°C. The binding requires 4-6 
hours to plateau at 4°C. For both cytokines, a single 
class of high-affinity receptors with a K d of approxi- 
mately 10-'° m has been identified on a variety of tu- 
mor cell lines. In a few cases (e.g., 3T3 LI adipocytes; 
Patton et al. 1986), both low- and high-affinity recep- 
tors for TNF-a were observed. Most of the tumor cells 
examined have 1000-5000 receptors per cell. 

Whether full receptor occupancy is needed for the 
biological response of TNF-a or TNF-0 is not yet clear. 



The concentration of TNF-0 required for 50% killing 
of murine L929 cells is the same as that required to 
displace 50% of maximum binding, suggesting that full 
receptor occupancy is essential (Hass et al. 1985). 
However, the cytotoxic activity of TNF-a and TNF-0 
can be observed at severalfold lower concentrations 
with actinomycin-D-treated or mitomycin-C-treated 
cells. These metabolic inhibitors have no effect on the 
K d of ligand binding, suggesting that under these con- 
ditions a very small fraction of the total receptors must 
be occupied for the cytotoxic response. The binding of 
,23 I-labeled TNF-a to cells can be effectively competed 
by unlabeled TNF-0, suggesting that both molecules 
are recognized by the same cell-surface receptor. This 
is probably a result of the structural similarity of TNF- 
a and TNF-0 and explains their many common biolog- 
ical properties. 

The receptor for TNF is probably a protein, since 
the binding of TNFs to cells can be abolished by pre- 
treating the cells with proteolytic enzymes. After pro- 
tease removal, binding of ligand can be completely re- 
stored in 24 hours (B.B. Aggarwal and T. Eessalu, 
unpubl.). The binding of some peptide hormones to cell 
surfaces can be abolished by gangliosides (Van Heynin- 
gen 1974). However, gangliosides were found to have no 
effect on the binding of TNFs to the TNF receptor. 

The binding of TNFs to the TNF receptor is not di- 
rectly correlated with effects on cell proliferation (Sug- 
arman et al. 1985). Cell lines on which treatment with 
TNF-a or TNF-/? had no effect on growth (e.g., T24 
bladder carcinoma) bound these ligands with the same 
affinity as cell lines that were highly sensitive (Fig. 7). 
A cell line whose growth was inhibited by TNF (ME- 
180 cervical carcinoma) bound to the ligand with the 
same affinity as cells that were growth stimulated by 
TNF (WI38 lung fibroblasts). A similar number of re- 
ceptors per cell were determined on all three cell types. 
The lack of correlation between binding and biological 
response of a given hormone has been observed previ- 
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Figure 7. Competition curves of ,23 I-Iabeled TNF-a with un- 
labeled TNF-a for binding to various cell lines. (Top) ME-180 
cervical carcinoma; (middle) T24 bladder carcinoma; (bot- 
tom) WI38 lung fibroblast. (Insets) Scatchard analysis of the 
binding data. For experimental details, see Aggarwal et a!. 
(1985a) and Hass et ai. (1985). 



ously for other proteins (Marchand-Brustel et al. 1985). 
This could be due to a cascade of events involved in the 
ultimate response of the cell to a given ligand. It is con- 
ceivable that nonresponsive cells may be defective for 
any one or more of these events. 

We have reported that the cytotoxic activity of both 
TNF-a and TNF-0 can be potentiated synergistically 
by IFN-7 (Lee et al. 1984; Sugarman et al. 1985). Al- 
though the mechanism of this synergy is not known, 
preexposure of cells to IFN-7 increases the total num- 
ber of TNF receptors without affecting the affinity of 
the receptor-Hgand interaction (Aggarwal et al. 1985a). 
A typical enhancement in TNF binding to B16 mela- 
noma cells after exposure to IFN-7 is shown in Figure 
8. Treatment of these cells for 16 hours with IFN-7 re- 
sults in an approximately twofold increase in receptor 
number. Since this increase in TNF-a binding requires 
protein synthesis, it can be proposed that IFN-7 in- 
duces the de novo synthesis of TNF receptors. Whether 
the increase in receptor number is sufficient to explain 
synergistic action of TNF with IFN-7 is uncertain. Re- 
ceptor induction may be just one part of the total 
mechanism of synergy. Since inhibitors of protein and 
RNA synthesis also potentiate the cytotoxic activity of 
TNFs, it is possible that IFN-7 also suppresses the syn- 
thesis of certain proteins that antagonize the actions of 
TNFs. 

TNF-a and TNF-/3 display little species specificity. 
Radiolabeled human TNF-a and TNF-/? "bind to both 
human and murine cell lines, and this binding can be 
competed with both unlabeled murine and human 
TNFs. This is likely due to the close homology of hu- 
man and murine TNFs (>80<7o amino acid sequence 
identity). 




[TNF] nM 

Figure 8. Induction of TNF-a receptors by IFN-7 on B16F10 
melanoma cells. Competitive curves for untreated cells (•) 
and for cells treated overnight with IFN-7 (A) are indicated. 
(Inset) Scatchard analysis of the binding data. 
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CONCLUSION 

Our understanding of the TNF system has advanced 
tremendously over the past few years. The elucidation 
of the sequences of TNF-a and TNF-0 by direct bio- 
chemical analysis and cDNA cloning has revealed that 
these cytokines are structurally related. Furthermore, 
the TNF genes are closely linked, their expression is 
tightly regulated, and the encoded gene products share 
many important biological properties. The biological 
activities of TNF-a and TNF-0 are mediated through 
interaction with a common cell-surface receptor. The 
availability of cloned TNF genes and highly purified 
TNF preparations from recombinant E. coli should . 
make it possible to address the many questions that 
remain unanswered concerning the regulation of TNF 
expression- and the mechanisms of TNF action. 
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Interleukin la (IL-la), tumor necrosis factor a 
(TNFa), graniilocjrte-colony-stiinulating factor (G- 
CSF), and granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF) are molecularly distinct cy- 
tokines acting on separate receptors. The release of 
these cytokines can be concomitantly induced by 
the same signal and from the same cellular source, 
suggesting that they may cooperate. Administered 
alone, human recombinant (hr)IL-la and hrTNFa 
protect lethally irradiated mice from death, whereas 
murine recombinant GM-CSF and hrG-CSF do not 
confer similar protection. On a dose basis, IL-la is 
a more efficient radioprotector than TNFa. At opti- 
mal doses, IL-la is a more radioprotective cytokine 
than TNFa in C57BL/6 and B6D2Fi mice and less 
effective than TNFa in C3H/HeN mice, suggesting 
that the relative effectiveness of TNFa and IL-la 
depends on the genetic makeup of the host. Admin- 
istration of the two cytokines in combination re- 
sults in additive radioprotection in all three strains. 
This suggests that the two cytokines act through 
different radioprotective pathways and argues 
against their apparent redundancy. Suboptimal, 
nonradioprotective doses of IL-la also synergize 
with GM-CSF or G-CSF to confer optimal radiopro- 
tection, suggesting that such an interaction may be 
necessary for radioprotection of hemopoietic pro- 
genitor cells. 

Cytokines are hormone-like polypeptides produced by 
the cells of the reticuloendothelial system after inflam- 
matory stimuli. Ample evidence exists, based on their 
described in vivo and in vitro activities, that these mole- 
cules serve in host defenses against harmful exogenous 
challenges (1,2). Ionizing radiation, originating from nat- 
ural sources (cosmic rays), represents one such environ- 



mental hazard. Our previous observation that a cytokine, 
interleukin 1 (IL-1) 2 protects mice from radiation-induced 
death (3, 4) therefore Is in accord with the concept of the 
role of cytokines in host defense and damage repair. 

The degree of radioprotection obtained by treatment 
with IL-1 before irradiation resembles that previously 
reported for bacterial lipopolysaccharide (LPS) (5-7). Ad- 
ministration of LPS, however, results in induction and 
release of a number of cytokines, the most prominent of 
which are IL-1, tumor necrosis factor (TNF). and colony- 
stimulating factor (CSF) (8). The coordinate release of 
these cytokines suggests that they may act in concert. 
Pretreatment with human recombinant (hr) TNFa is also 
radioprotective, (9, 10). In contrast, we were previously 
unsuccessful in demonstrating radioprotection using mu- 
rine recombinant (mr) granulocyte- macrophage (GM)- 
CSF alone (1 1). Furthermore, although in our hands hrlL- 
1 was radioprotective in five strains of mice. C57BL/6, 
BALB/c. DBA/1, B6D2Fi, and CDFi, its radioprotective 
effect in C3H/HeN mice was minimal (12). It is possible 
that In the latter strain other cytokines or a combination 
of IL-1 with other cytokines may be more effective in 
radioprotection. 

To evaluate the above possibilities, we have investi- 
gated the radioprotective effect of combinations of hrlL- 
la and TNFa, as well as hrlL-la and mr GM-CSF or hr 
granulocyte (G)-CSF. These studies were performed using 
C57BL/6 and B6D2Fi mice, which are high responders 
to radioprotection with IL-la, and C3H/HeN mice, and 
low responders to IL- 1 -mediated radioprotection. 

We now report that combinations of optimally radi- 
oprotective doses of IL-la and TNFa result in additive 
radioprotection in both high and low responder mice. 
Suboptimal doses of IL-la in combinations with nonpro- 
tective doses of GM-CSF or G-CSF result in synergistic 
protection from radiation-induced death. 
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MATERIALS AND METHODS 

Mice. C57BL/6 and B6D2Fi Inbred mice were obtained from The 
Jackson Laboratory. Bar Harbor. ME. C3H/HeN mice were purchased 
from Animal Genetics and Production Branch. National Cancer In- 
stitute, Frederick, MD. The mice were housed in the Veterinary 
Department Facility at the Armed Forces Radiobiology Research 
Institute in cages with Micro-Isolation unit tops. 10 mice/cage. Fe- 

2 Abbreviations used in this paper: IL-1, interleukin 1; CSF. colony- 
stimulating factor: G-CSF, granulocyte colony- stimulating factor; GM- 
CSF, granulocyte-macrophage colony-stimulating factor: hr. human re- 
combinant; LPS. bacterial lipopolysaccharide; mr. murine recombinant: 
TNF, tumor necrosis factor. 
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male mice 8 to 12 wk of age were used for all experiments. Standard 
laboratory chow and HCl-acidifled water (pH 2.4) were given ad 
libitum. All cage-cleaning procedures and Injections were carried out 
in a laminar flow unit. 

Cytokines. The hrIL- 1 a was generously provided by Immunex and 
Hoffmann-La Roche. Nutley, NJ. The preparations were supplied in 
phosphate-buffered saline. pH 7.2, and 30 mM Tris-HCl. 400 mM 
NaCl pH 7.8. respectively, and used on weight basis. The hrTNFa, 
lot CP4026POB. specific activity 9.6 x 10 a U/mg in phosphate- 
buffered saline, was a generous gift from Blogen Research Corp.. 
Cambridge. MA. The mrGM-CSF was provided by Immunex as a 
lyophllized powder with sucrose as a stabilizing agent. The hrG-CSF 
was a gift from Amgen. Biochemicals. Thousand Oaks, CA. Protein- 
free phenol-water-extracted endotoxin derived from Escherichia 
colt K235 (LPS) was obtained from Dr. S. N. Vogel. Department of 
Microbiology. Uniformed Services University of the Health Sciences. 
All reagents were diluted to the desired concentration in pyrogen- 
free saline Just before l.p. Injection of 0.5 ml/mouse. All cytokine 
preparations were assayed for LPS contamination In a LAL assay 
and determined to contain less than 0.1 ng/lnoculum. 

Irradiation. Mice were placed in Plexlglas containers and were 
given whole body irradiation at 40 rad/mln by bilaterally positioned 
cobalt-60 elements. Mice survival was recorded daily for 30 days. 

Statistical analysis. Two survival proportions were compared 
using a 2 x 2 contingency table analysis ( x a )- A survival proportion 
was compared with the sum of two others by assuming that survival 
has an exponential distribution, i.e.. exp(-t/X). If two survival mech- 
anisms act independently, their mean survival was assumed to add. 
The survival proportion of the combined mechanism was then com- 
pared with the predicted survival proportion of the exponential sum. 

RESULTS 

Comparison of the radioprotective effects of hrlL-la 
and hrTNFa. The effect of Increasing doses of hrlL-la 
and hrTNFa on the survival of LD 100/30- irradiated C57BL/ 
6 and LEWw-Irradiated B6D2Fi mice, both high re- 
sponded to radloprotectlon with IL-1 a. was compared. 
C57BL/6 mice were protected with doses of IL- 1 a ranging 
from 100 to 1000 ng (Fig. I A) (doses of 50 ng did not 
confer significant radioprotective effect; data not shown). 
Doses of IL-1 a ranging from 75 to 1000 ng were similarly 
radioprotective for B6D2F, mice (Fig. IB). Equivalent 
doses of TNFa had no radioprotective effect for these two 
strains. However, significant radloprotectlon in these two 
strains was obtained using 5- to 10-^g doses of TNFa 
(Fig. 1A and 0). The maximal degree of radioprotection 
achieved with higher doses of TNFa. however, was less 
than that observed in both strains with lower doses of 
IL- 1 a (p < 0.00 1 ). Therefore, human TNFa is a less effec- 
tive radioprotector than human 1L-Ia in the above two 
strains. 

In our previous studies. C3H/HeN mice were less re- 
sponsive to the radioprotective effect of IL-1 a than 
C57BL/6. DBA/1 (12), as well as CDFi or BALB/c mice 
(R. Neta. unpublished observations). A comparison of the 
radioprotective effect of IL-1 a and TNFa in this mouse 
strain showed that 5.0- to 7.5-Mg doses of TNFa conferred 
greater protection (p < 0.05) than 150- to 500-ng doses 
of IL-la (Fig. 1C). Therefore, in contrast with C57BL/6 
and B6D2F, mice. TNFa is more radioprotective than IL- 
la in C3H/HeN mice. However. TNFa is equally protective 
in all three strains (Fig. 1A to C). In doses of 0.2 ^g/ 
mouse. mrTNF did not confer protection, 0.5 ^g/mouse 
protected 20%, 1 to 2 /ig/mouse 30%. and 5 ^g/mouse 
40% of mice (n = 10 to 18 mice/group). 

The radioprotective effects of the combinations of IL- 
la and TNFa. The divergence of the effect of TNFa and 
IL-la suggested that they may act differently. It was, 
therefore, of interest to determine the Interactions of 
these two cytokines in radioprotection. The effect of com- 
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Figure 1 . Protective effect of hrTNFa and hrIL- 1 a in lethally Irradiated 
mice. C57BL/6 [A), B6D2F 4 (B). or C3H/HeN (C) mice, 8 to 12 wk old, 
received l.p. 0.5 ml saline (control) or recombinant cytokines in doses as 
Indicated, 20 hr before whole body Irradiation. The radiation doses were 
950 rad (LD,oo/3o) for C57BL/6 [A], 1050 rad (LCWao) for B6D2F, (B), 850 
(LD 100 /3o for 8 to 9 wk old), and 900 rad (LD l0O /3o for 1 0 to 1 2 wk old) C3H/ 
HeN mice (C). The numbers at the top of the bars represent the total 
number of mice receiving each treatment. TNFa was more radioprotective 
than IL-la in C3H/HeN mice (p < 0.05) (C). TNFa was less radioprotective 
than IL-la in C57BL/6 and B6D2F, mice (p < 0.001) [A. B). 

binations of IL-la and TNFa in C57BL/6 mice was addi- 
tive, as determined from the dose reductor factor (DRF) 
values (Fig. 2). The DRF were calculated from the ratio 
of LD50/30 of IL-1 treated to control mice. Similarly, com- 
binations of optimal doses of the two cytokines had an 
additive radioprotective effect (p < 0.01) in lethally irra- 
diated B6D2F, mice (Table I). The radioprotective effect 
of IL-la and TNFa in combination was greater in this 
strain than the radioprotection achieved with optimal 
doses of LPS (p < 0.01), suggesting that combinations of 
cytokines may be more effective radioprotectants than 
immunomodulatory substances that induce cytokine re- 
lease. 

Combinations of TNFa and IL-la also had additive 
effects in low responder C3H/HeN mice at optimal doses 
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Figure 2. Radioprotective effect on hfTNFcr and hrlL-la. by them- 
selves and In combination, in C57BL/6 mice exposed to Increasing doses 
of radiation. C57BL/6. 8- to 12-wk-old mice, received 5 jig/mouse of 
hrTNFa, 150 ng/mouse of hrlL-la, alone or in combination. Each exper- 
imental point represents 12 to 70 mice. DRF were calculated from the 
ratio of LDbo/so of treated vs control mice, using problt analysis and were 
1.12 (1.08, 1.16) for TNFa; 1.19 fl. 16. 1.21) for IL-la; and 1.38 (1.24, 
1.54) for IL-1 a + TNFa. The numbers in brackets are 95% confidence 
limits. Treatment with IL-lo was significantly more radioprotective than 
treatment with TNFa at 950 rad (p < 0.001) and 1000 rad (p < 0.05). The 
effect of combined treatment with IL-la and TNFa was significantly 
greater than the sum of effects of treatment with IL-la or TNFa alone at 
radiation doses above 1000 rad (p < 0.0 1). 

TABLE I 

RadtoprotectlonoJB6D2F, mice with rlL-la, rTNFa. by themselves, 

and in combination* 



Radiation Dose 



Treatment 



1050 



1150 





Dead/Total 


% Survival 


Dead/Total 


% Survival 


IL-la 










100 ng 


6/22 


73 


16/22 


26 


TNFa 








« 


5Mg 


12/22 


46 


21/22 


6 


IL-la + TNFa 










100 ng + 5>*g 


0/22 


100 


4/22 


82 


LPS 










12 Mg 


3/22 


86 


14/22 


36 


Saline 


19/22 


14 


22/22 


0 



Mice were treated as desert oea in r igurc i . i nc percentage ui aurvivm 
of mice given 1050 or 1 150 rad after treatment with IL-la was greater 
than that after treatment with TNFa (p < 0.05). IL-la and TNFa in 
combination conferred significantly greater protection than the sum of 
radloprotection with IL-la and TNFa alone (p < 0.01) and also greater 
than radloprotection with optimal doses of LPS (p < 0.01 ). 

TABLE II 

Radioprotection of C3H/HeN mice with hrlL- 1 a or hrTNFa alone and 

in combination* 

Treatment 

Saline 
IL-la 

100 to 200 ng 

300 to 500 ng 
TNFa 

1.0 to 2.0 Mg 

5.0 to 7.5 Mg 
IL-la + TNFa 
100 ng + 2.0 Mg 
200 ng + 7.5 Mg 

° C3H/HeN mice were treated as described in Figure 1 . TNFa in doses 
of 5 to 7.5 Mg/mouse protected significantly greater numbers of mice than 
treatment with 150 to 500 ng of IL-la alone (p < 0.05). Treatment with 
IL-la and TNFa In combination was significantly more radioprotective 
than the sum of the radioprotective effects of IL-la and TNFa adminis- 
tered alone (p < 0.05). 

of cytokines (p < 0.01) (Table II). 

The effects of combinations of IL-la with GM-CSF or 
G-CSF. The radioprotective effect of IL- 1 occurs at radia- 
tion dose ranges that suppress hemopoiesis. It has been 
proposed, therefore, that the effect of IL-1 may be me- 
diated by CSF. However, i.p. administration of GM-CSF 
20 hr before Irradiation in doses ranging from 1 to 10 Mg/ 
mouse had no significant protective effect against lethal 



Dead/Total 


% Survival 


175/180 


2.5 


78/91 


15 


48/64 


25 


32/34 


6 


51/88 


42 


7/16 


55 


6/50 


86 



doses of radiation (1 1). To examine further whether GM- 
CSF contributes to radioprotection, suboptlmal doses of 
IL-la were administered in combination with GM-CSF or 
G-CSF. Combinations of these cytokines greatly en- 
hanced the survival of mice in comparison to the effect 
of each cytokine alone (p < 0.01) (Table III). The effect of 
treatment with combinations of suboptlmal doses of IL- 
la and GM-CSF or G-CSF equaled that achieved with 
optimal doses of IL-la. This effect, however, did not 
extend to supralethal doses of radiation (Table III). 

DISCUSSION 

Inflammatory signals induce the release of various cy- 
tokines with distinct, as well as overlapping, biologic 
activities. IL-la and TNFa represent two such cytokines, 
which are induced and released by macrophages after 
the same inflammatory stimulus (LPS as an example) 
and which also share a number of similar biologic prop- 
erties, such as induction of fever (13, 14). acute phase 
proteins(15, 16), or CSF (17-19). Therefore, despite their 
differing molecular structure and their action on separate 
receptors, they exhibit apparent redundancy. Our results 
showing that the two cytokines differ in the extent of 
their radioprotective effect, that their relative effective- 
ness may vary depending on the genetic makeup of the 
host, and that their combined activity is additive inde- 
pendent of the genetic makeup argue against the appar- 
ent redundancy of these agents in this context. Higher 
quantities of TNFa than of IL-la were required in all 
strains of mice to confer optimal radloprotection. Al- 
though most of these studies utilized hrTNFa, murine 
TNFa in C3H/HeN mice was also required in doses higher 
than IL-1 to achieve significant radioprotection. 

The radloprotection achieved with optimal doses of IL- 
la was greater than that with optimal doses of TNFa in 
C57BL/6 and B6D2Fi mice, but this situation was re- 
versed in C3H/HeN mice. TNFa, however, was equally 
protective in all three strains. Although we do not know 
the basis for the differences in protection of these inbred 
strains of mice, this observation suggests that different 
cytokines may achieve similar effects in genetically dis- 
parate individuals. 

The additive effect of IL-la and TNFa in radioprotec- 
tion, independent of genetic makeup or of the dose, sug- 

TABLE III 

Radloprotection of B6D2F t mice with combinations of rCSF and 

rIL-la a 



Radiation Doac 



Treatment 



1050 



1150 



Dead/Total % Survival Dead/Total % Survival 



IL-la 
100 ng 
33 ng 
GM-CSF 

1 #*g 
G-CSF 

1 Mg 
GM-CSF 

1 Mg+ IL-1<* 33 ng 
G-CSF 

1 Mg+ IL-la 33 ng 
Saline 



9/32 
34/42 


69 
19 


16/22 
20/22 


26 
9 


35/42 


17 


22/22 


0 


8/10 


20 


ND 




14/42 


67 


20/22 


9 


3/10 
35/42 


70 
17 


ND 
22/22 


0 



* Mice were treated as described In Figure 1 . The radioprotective effect 
of 33 ng IL-la or I M g of GM-CSF or G-CSF did not differ significantly 
from treatment with saline. The effects of IL-la and GM-CSF or IL-la 
and G-CSF In combination In mice treated with 1050 rad differed signif- 
icantly from controls (p < 0.0 1). ND. not determined. 
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gests that the two cytokines employ different radiopro- 
tective pathways. Although the mechanism of action to 
achieve radioprotection remains unknown, a number of 
the activities of IL-1 a and TNFo* may be related to the 
radioprotective effect. For example, induction of acute 
phase proteins, some of which (metallothionein and cer- 
uloplasmin) have the capacity to scavenge free radicals 
(20-23) and other acute phase proteins, may contribute 
to radioprotection . Although IL- 1 a induction of bone mar- 
row cell cycling (24) may present yet another critical 
event In radioprotection, TNFa is not known to have this 
capability. In fact, TNFa has been reported to be inhibi- 
tory to hemopoiesis (25, 26). Several reports exist, how- 
ever, showing its role in hemopoietic differentiation (27- 
29). This differentiating effect is most pronounced in 
synergy with other cytokines. Whether this effect of 
TNFa on hemopoietic cells contributes to its radioprotec- 
tive effect remains to be established. 

The finding that treatment with TNFa and IL-1 a In 
combination is more effective than treatment with opti- 
mal radioprotective doses of LPS (an inducer of the two 
cytokines) may be explained in two ways. Either the two 
cytokines are presented in more optimal doses than can 
be induced with LPS or toxic effect of the LPS molecule 
itself is circumvented by using the cytokines. 

The lack of radioprotective effects of GM-CSF or G-CSF 
administered alone, and its synergistic effect when com- 
bined with suboptimal doses of IL-1 a, indicate that these 
hemopoietic growth factors may be effective only when 
combined with IL-1 a. Possibly, this synergy relates to the 
recently described hemopoietin- 1 (HP- 1 ) activity of IL-1 a, 
because hemopoietin- 1 /IL- 1 has been reported to syner- 
gize with GM-CSF in promoting growth of early hemopoi- 
etic progenitor cells (30). Furthermore, IL-1 a has been 
shown to induce CSF in vitro as well as in vivo (17, 19). 
Thus administration of IL-1 a generates cytokines with 
which IL-1 a can interact to yield more pronounced bio- 
logic effects. Additional possibilities that need to be ex- 
amined may involve induction by IL-1 a of increased 
expression of CSF receptors. 

In all, our observation that combinations of cytokines 
may be more effective than the administration of each 
cytokine alone serves as additional evidence that these 
agents act in concert and despite their apparent redun- 
dancy must all be required for normal host defenses. 
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